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absteaot 


Digital oomramii Cat ions at optical frequencies using 
glass fibres as the transmission media offer many advantages 
over the conventional coaxial conmiunication systoais. This new 
technology is maturing at such a rapid rate that in the next 
few years it wiH have wide ranging applications in 
communications and other related fields* 

In this study various features, characteristics and 
problems typical of optical fibre communications have been 
reviewed. The requirmenlfeto be met by the low noise front- 
end of tho receiver for optical fibre channels have been 
indicated. The optical fibre channel is dispersive and as such 
gives rise to inter symbol interference (ISI) at high data 
rates and longer repeater spacings. To overcome this problem 
time domain equalization of the front-end output can be 
resorted to. The performance of a decision feedback equalizer 
(DPB) in reducing the ISI for a step-index optical fibre 
channel has been studied. The optical fibre channel considered 
uses a light emitting diode as the optical source and a PUT 
photodeteotor at the receiver. The perfonaance of the DEB 
designed, has been evaluated by digital computer simulation 
for Various fibre lengths and different signal-to-noise ratios. 
The results indicated that the equalizer is able to reduce 
the ISI significantly. Various line codes suitable for 
optical--fibre communication systeas have also been studied. 
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. GEAPTER 1 
lETRO DUCT IDE 

1.1 General . 

There has "been a constant search for higher g jitl. higher 
information carrying capacity transmission media to enahle 
communication engineers to achieve interference free high 
data rates. Use of glass fibres for long distance communicatio 
was conceived only about twelve years back. In 1968 fibre 
losses were of the order of 1000 dS/Km. Within two years a 
loss of 20 dB/Km in single mode fibres hundreds of meters long! 
was achieved [1] . Since then progress in the field has been 
rapid and continues vigorously. Fibre transmission loss in 
wavelength region 0,8-0,9p2i has been reduced to 1-2 dB/Em. 

The lowest reported loss is 0,47 dB/Em at 1,2 pm wavelength 
[2] • These wavelength regions /wavelengths are where AlGaAs 
Light Emitting Diodes (LED's) and Injection Lasers emit. 
Simultaneously since the advent of laser in I960 there has 
been a constant progress to locate suitable and reliable 
optical sources for the optical fibres. The reliability and 
mean life of AlGaAs injection laser operating at room 
temperature has been considerably improved [2] . During 
this period progress was also made in practical cable and 
connector designs and associated electronic circuitry. Fibre 
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optic links offer much hi^er perfoimance than- coaxial 
'cables with very large available bandwidths and many other 
advantages* 

1 *2 Advantages of Optical Communication Systems : 

An individual optical fibre is of a very small size 
of the order of 100 pm in diameter and has very low weight 
which enables us to b\mch a number of them together in an 
optical cable protected by proper sheathing and strengthened 
by steel wires. The bunching of many fibres together 
increases the total channel capacity. The fibres themselves 
are inherently very strong. Compared to metallic cables 
optical fibre cables have high strength-to~weight ratio, can 
negotiate tight bends and have low occupancy of duct 
space. The bending radius of a fibre can be as low as 
0,5 cm, Fibres are free from any electromagnetic interferen 
which makes eavesdroping and janiming a difficult proposition, 
thus making the systm inherently secure. Fibres also have 
immunity from earth-looping problems. 

Even though fibre-optic cables may cost more 
initially but due to low loss it is possible to achieve 
large repeater spacings for long distance systons and for 
short runs they can be eliminated altogether. Coupled with 
this the ©mail dispersion implies lange transiaission 
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bandwidth over long distance, thus making the potential 
optical fibre systems very economical. Even the cost of the 
fibre cable is bomd to be low in the long run once the 
systems become commercial and manufacture of fibre starts 
on large scales due to abiandant raw material. 

1.3 ^ypes of Eibres : 

There are basically three types of fibres which have 
been practically exploited viz., single mode, step^ index 
and graded-index. Some more types have also been experimented 
upon. Fig. 1.1 shows the cross-section of the fibre, 
refractive index profile and symbolic representation of the 
ray paths inside the fibre for the three most important ones. 

A few typical dimensions are also shown to provide a 
physical feel of the size. The central region called core 
has a refractive index n^ (typically n^ ex' 1.5) which is 
slightly higher than that of the surrounding cladding 
refractive index n 25 n^ shown is the ambient refractive 
index (air). 

Fig. 1.1(a) shows the refractive index distribution 
and the ray path of the single mode fibre whose core 
radius a is very small ( a*>e2|im-5|im) which enables 
propagation of a single mode only. This is achievable as 
the core is comparable in size, with the wavelength of the 
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light being propagated* Coherent sources like lasers can 
be nosed as the transmitting device for the single mode 
fibres .Even if an incoherent source is used with a single 
mode fibre, since only one mode is propagated, the dispersion 
IS limited to only that. Ihis dispersion is due to the 
difference in propagation velocities of different colours* 
This provides the ultimate in transmission bandwidth. This 
type of fibre has not been very popular due to its high 
cost as very high precision is required for drawing so narrow 
a core* Moreover these fibres present much greater problems 
in joining and splicing than found with the other two types* 
Pig. 1*l(b) shows the refractive index distribution and the 
ray path of the step index multimode fibre which can be used 
with incoherent sources bo transmit the signal. Per both 
the above clad fibres the guided wave field is mainly 
confined to the core region. Some field does extend into 
the cladding, but it decays almost exponentially with 
radial distance from the core - cladding interface and 
becomes negligibly small by the time it reaches the outer 
surface of the cladding. Therefore, the fibres can be 
bunched together with very little possibility of having 
cross tall:* The typical fibre diameters are dictated 
primarily by the strength requirements in single mode fibres 
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and by electrical transmission req.m.rements in step-index 
fibres, The relation between core and cladding refractiTe 
indices is 

ng != ni ( 1 - 6) (1.1) 

where 6 « 1 , typically 

6 = = 0.01 

Pig, 1,1 (c) shows the refractive index distribution 
and the ray path of an important fibre type in which the 
core has a graded index which usually decreases radially 
from maximm value n^ at the centre of the core according 
to the law 

iir = n^ (1 - ar^) (U2) 

where a is a constant and r is the distance from axis, A 
particular and popular case of graded index is the parabolic 
gradation of the refractive index as shown by the continuous 
line in the refractive index profile i,e,, 

n^ = [1 -(6/a^)r^ ], 0 4 r ^ a (1,5) 

The rays representing different modes which are shown 
s3rmbolically in the figure illustrate that, because modes 
corresponding to the rays that enter the fibre at larger 
angles spend greater time in a region of the core where 
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refractive index is low, they travel faster than the axial 
modes, th\js the rays focus at periodic positions along the 
length of the fibre. This compensates for the mode 
dispersion (to be described later) found in step-index fibre. 
This type of fibre therefore gives lower mode dispersion 
than step-index fibres. Graded index fibres normally have 
a core in which the graded region extends to about half 
the diameter of the fibre and then remains at a constant 
level. The energy is thus confined to this 'core'. Although 
mode dispersion is not reduced to zero as in the case of 
single mode fibre, values corresponding to a pulse 
broadening of around 1 ns/Km can usually be obtained in 
low loss fibres compared to about 50 nsec/Em for step-index 
fibres • 

The graded refractive index profile shown dotted in 
Pig. 1.1(c) IS axially symmetric with maximum near rsT^^^. 

The variation across the diameter is only a percent or less. 
This type of fibre has exhibited very low dispersion (less 
than 2 ns/Km) at low loss of less than 6 dB/Kim. 

Pigs* 1.1(d),(e) and (f) show refractive index 
distribution and cross-section of unclad, dielectric 
tube and single material fibres respectively. In dielectric 
type the dielectric can be a low loss liquid like 
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t etrachlqroetliylene in the centre with a glass tube as the 
lower index cladding. As the refractive index of a liquid 
IS quite sensitive to temperature, the number of modes 
could vary appreciably under field environments. Therefore 
liquid core fibres can be used for long distance transmission 
in multimode form only. Single material fibres over come the 
difficulty of fabricating multi-component glasses. The 
usefully guided modes are earned in the central enlarged 
member. Single or multimode guidance can be provided with 
a suitable choice of dimensions for the supporting sheet 
and the central enlargement [1 ]. Another type of fibre 
shown in I'ig,1.il(g) is the doubly clad optical fibre. It is 
reported to have negative waveguide dispersion [24 ]. It has 
a 'W’ shape refractive index profile and is therefore also 
referred to as ¥ type fibre. 

1 .4 Propagation through Fibres ; 

The concept of propagation of light waves througih 
optical fibres has been dealt with in considerable details 
by many authors. Detailed mathematical analysis has been 
done considering optical fibre as a cylindrical waveguide, 
but, the guiding channel here is not necessarily made to 
Size as in the case of metallic waveguides for obvious 
reasons, for the propagation of tho dominant mode only [3*4] • 
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Tlj.e analysis is first always based onaxi ideal waveguide 
structure and then the practical perturbations are considered 
which lead to the practical results of intramodal coupling. 
Because visible light is involved, it is possible to carry out 
analysis by Ray theory as well as the rigorous approach 
of electromagnetic theory on wave propagation. Though 
complete and exhaustive analysis, explaining the details of 
physical pnenomenon involved, is only possible through the 
latter, Ray optics, however, does provide a simpler picture 
describing the optical fibre operation. In the following 
the ray theory is used to explain propagation through 
fibres [ 4 and 5 ] • 

1.4.1 G-uidance Principle . 

In classical clad glass fibres, single mode or step - 
index, the guidance of li^t along the fibre is by total 
internal reflection at the cylindrical interface between the 
core and the cladding. Ilodern fibre types like the graded - 
index employ a continuous focusing process to achieve 
propagation of light which can be considered as a kind of 
distributed internal reflection. For analysis and 
understanding the principle involved, it is easier to 
consider the step-index fibre. 
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Let us consider a ray entering oLe fibre as shown 
in Pig* 1*2(a)* Prom the figure and using the Snell's 
law, it follows that for n^ y ng no real angle ©2 
exists if 

n^ oos > n 2 (1.4) 

Por this inequality to hold, there will not he any refracted 
ray in the cladding region. Por the rays to he confined to 
the core region the angle ©^ must not exceed the critical 
incident angle ©_.» where ©_„ is defined as 

cos ©^^ = ng/n^ (1.5) 

It IS to he noted that total internal reflection is 
a necessary hut not a sufficient condition for propagation 
of light rays in optical waveguides. At each point of 
reflection the ray undergoes a phase change. It is these 
phase shifts which impose an additional constraint. Their 
evaluation becomes necessary to satisfy the condition that 
optical- paths (phase difference) between two normal planes 
for parallel rays should differ by an integer multiple of 2% . 
This condition can he applied to the ray undergoing multiple 
reflections in an optical waveguide as shown in Pig. 1.2(h), 

It can he soon from the figure that the wave fronts are also 
equiphase planes, Por the two rays 1 and 2, points A and 0 
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are on an equiphase plane while points B and B are on 
another equiphase plane. Bow when the two rays travel from 
one eq.iiiphase plane to the other their path difference 
(including the phase shifts in ray 2 due to reflection at 
C and D) should be an integer multiple of 2 it . Let the 
phase shifts due to reflections at 0 and D be 0 (saiae phase 
shift at both interfaces as the refractive indices of the 
two media are the same at both 0 and D) , and to express 
various distances in terms of d and , we have 


AB = BC cos © 


1 


« (OB - BB) cos 


= ( 


tSTe, - d tan e,) oos 9, 
= (oos^e^ . ain2 9,) 


= s. 


and CB s 


d 

sin 


S 


2 


Therefore phase change due to, only different path 
lengths IS n^(S2-S^)k, where k is propagation constant in 
free space ( k . Thus, the equiphase condition can 

be expressed as, 


n^ (Sg-S^) k + 2 0 = 2 Bb 


( 1 . 6 ) 


Ij/here B is an integer. 
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i 

This condition implies that rays at all angles 
Satisfying the inequality in Eqn. (1*4) cannot propagate in 
the optical waveguide. Only rays at discrete values of 
angle 0^ satisfying the Eqn. (1,6) can propagate. These 
discrete values of 0^ correspond bo the various waveguide 
modes. It then becomes obvious that a calculation of these 
angles requires the evaluation of reflection phase shift 0# 

Evaluation of reflection phase shift requires 
resolving the rays into electric and magnetic fields. Making 
use of the vector relabionship between E and H fields we 
apply the principle of conservation of energy between the 
incident, reflected and refracted ray to find the relation 
between incident and reflected power with the usual boimdry 
conditions. This relation is to bo found for both 
perpendicular and parallel polarization. For perpendicular 
polarization (when B field is perpendicular to plane of 
incidence) the analysis resulcs in the phase shift angle 
for total internal reflection to be^ 

n 2 

0 = 2 tan”^ (sin^0^ ^ )^'^^/cos0^ 

Inhere ai^le 0^ is as shown in Fig, 1,1 (a). For parallel 
polarization (E field is parallel to the plane of 
incidence and not that of interface) the phase i^ift angle 
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for total internal reflection is fonnd to be, 

I 

2 ^2 


0 = 2 tan“^ [(sin^0. - cos0*) ] 

The phase shift is different for the two types of 
polarizations. Thus wo see there eXe discrete values of 
9^ which satisfy the phase condition for total internal 
reflection and 0 is different for the two types of 
polarizations. This means there are two sets of modes 
which can propagate. 


1.4.2 Rays in Optical fibres ; 

There are two types of rays that exist in optical 
fibres meridional rays and skew rays. A meridional ray 
confines to a single plane called meridional plane. 

Meridional planes pass through the guide A typical 

example is shown in Pig. 1,2(a). Tor skett rays the path 
does not confine to a single plane and they do not pass 
through the guide axis. 

Let us consider the meridional rays first. Referring 

to Pig. 1.2(a), a meridional ray incident at an angle 9^ will 

be guided by the fibre if the corresponding angle 9^ after 

refraction at the incident end is less than critical angle 

9__ defined earlier by Eqn, (1.5). Prom Eqn. (l.4) we get, 
xc 
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sin 9^ < (n^^ - 
Using Snell’s law we liaVG, 

n© sin (n^^ - 

If n^, the ambient refractive index of air is unity and 9jjj^ 

IS the maximum value of the angles 9^, that is possible for 
ray propagation, then, 

sin 9 ^ = (n^^ - (1,7) 

That IS a cone of light incident on fibre with conical 
semi -angle less than 9^ will be accepted and propagated 
through the fibre, sin 9^ is the measure of the li^t 
gathering pou-er of the fibre and is known in optics as the 
numerical aperture, xhus the numerical aperture (HA) of the 
optical fibre is defined as, 

HA = (n^^ - n2^ )^/2 (1.8) 

This indicates that the maximum li^t acceptance angle 
of the fibre is independent of its physical dimensions, and 
can be made large. Secondly the fibre cross-section 
can be made small to increase fibre flexibility. 

It can be easily shown that the path length of the 
meridional ray is 


P (9^) = Ii sec 9^ 


(1.9) 
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Where L xs the axial length of the guide. The path length 
and therefore th§ transit time of a ray is a function of the 
angle of the ray. This differential delay between the 
permitted modes reduces the information capacity of the 
guide. This will be discussed in more details later. The 
number of reflections of a meridional ray can be shown 
to be, 

L tan 9. 

n(9^,d ) = J. (1.10) 

The number of reflections plays an important part as each 

reflection is associated with some loss. The number of 

reflections per unit length is: 
tan 0 . 

n^=-^ (1.11) 

T'lg. 1.3(a) shows a t3rpical skew ray AXT. Here Z and Y 
are the two reflection points at the core and the cladding 
interface# ZC is normal to the reflecting surface at the 
point Z and 0^ is the angle of reflection the ray makes with 
the normal ZO, YP is perpendicular from Y to the cross- 
sectional plane containing ZC. YP is therefore parallel 
to the axis and P like Y also lies on the interface. Angle Y 
IS called the azimuthal angle for the ray. Angle 9^ , the 
angle between -fee r«y and the reflect mg surface is called 
internal axial angle. These angles i.e., 9^ y and 0^ are 
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maintained for a particular ray throngli successive 
reflections. 


Figs, 1,3(13) and (c) give the different views of the 
relevant angles in detail. ¥e can see that the angles y and 
P are in perpendicular planes. Plane IPW is perpendicular 
to plane as PW is perpendicular to XG, therefore, triangle 
X¥Y IS a right angled triangle, therefore. 


cos 0 


^ M == M 

1 XI XP 


XZ 


sin 


= cos Y cos § 

= cos Y sin 9^ as p = - 9^ 

• cos 0. 


( 1 . 12 ) 


cos Y ■ ~~ 

¥e know for total internal reflection (from Eq,n. (1,4)), 
cos 9^ ^ ng/n^ 
sin 0^ ^ n 2 /n^ 

or cos 0^ < (l-n^Vii^^ (1.13) 

Using Bqn, (1,12), we have 

9X ^ 


^1 -1 cos Y 

Applying Snell's law 

jL 


( - n," ) 


2 xl/2 


n^ sin 9^ 

Q O ^ 


003 Y ■ “2 ^ 


2 , 1/2 
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If IS unity and Ojj is the mablmum value of the angles 
i.e*, the mazmuin acceptance angle, then 

sin = cos Y ~ ”'2 ^ ^ 

sin Q 

or sin ©Tur = (1.14) 

M cos Y 

where © is the maximum acceptance angle for meridional 
m 

rays as discussed earlier (Bq.n. (1.7)). 

Thus we see that skew rays can be accepted at wider 

angles than the meridional rays. Bor y =i 0, i.e., for the 

maximum value of cos y (unity), the ray becomes a meridional 

ray* As y varies from 0 to 7t/2 the rays tend to travel more 

along the surface. (At y = 7t/2, the ray travels along the 

stirface). lor any angle 9^^ 01^ there is a range for which 

the skew rays are accepted. It is interesting to note that 

for any nuxaerical apperture, ©^^ can be equal to 90° for 

Y = 9 ^, j^Q an example, lot ©^^^ = 50°. Therefore, 

BA = 0,5. Then for y = 90° - ©^ = 60° , we get ©^ = 90° . 

Hence, there will be a cone of light of semi-conical angle 

of 30°, followed by a dark band and bhen a ring of light 

due to skew rays the width of which depends upon angle y • 

Thus ©j^ depends upon y and the refractive indices and 

there exists an angle y for which ray at any ©^ is accepted. 

The unit path length for a skew ray is 

1 =5 sec ©> = 1 

s 1 m 


( 1 . 15 ) 
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where, is the -unit path length of a meridional ray* The 
number of re£le< 

■work out to be, 


n'umber of reflect lohs (n^) per -unit length for a skew ray 


tan © 


or 


“■s d cos Y 
n 

-JB 


’^s cos Y 


( 1 . 16 ) 


Thus tho n'umber of reflections increase in case of the skew 
rays o-ver the meridional rays. If Y =w/2, the n'umber of 
reflections is infinite giving a true hellical path along 
the interface. 


1.4.3 Effect of Bends and Variation in Diameter ; 

Bends in a fibre result in the reduction of the 
modes being propagated in the straight portion depending on 
the radius of the bend. We will skip the mathematical 
analysis leading to this conclusion by o'ust stating that 
because of a bend the number of the meridional planes, in 
the bent portion, is smaller than the meridional planes of 
a straight fibre. The n'umber of such meridional planes is 
infinite in a straight fibre. 

The math^atical analysis of the effects of variation 
in 'the diameter of the fibre is also not considered here. 

If at two points along the length of the fibre, there is a 
variation in the diameter then that portion can be asstaaed 
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to "be part of a cone. I'his reduces the maximum acceptance 
angle by a ratio ^2 radii of 

the fibre at the wider and narrow ends, respectively. This 
feature can be used to advantage by deliberately making small 
conical fibre lengths for concentrating light flux density. 

1.5 Optical Thbre Oommunication Sys tems s 

A model of a complete optical fibrfe communication 
system is given in Fig. 1 .4. Such a system can be divided 
into two main parts,- one part which deals with the electrical 
signals, and the other part dealing mth the optical energy. 
The latter part is shown in the dotted line in the figure 
shown ^and includes the optical source, the optical fibre and 
the photodetoctor. 

Like in any communication system the input signal or 
data first modulates a carrier which is propagated through 
the channel. Hero too we have first an encoder to encode the 
input data into a suitable code for optical systsus. This 
coded signal then modulates the optical source either 
directly or indirectly doponding upon the type of the sotirce 
used. The intensity of che light can be modulated either in 
an analog or digital manner depending upon the modulation 
format. The optical source converts electrical signals 
into optical signals. These modulatod/coded optical signals 
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then are propagated in the optical fihre channel* The 
signal undergoes some losses and distortion depending 
upon the characteristics of liie fihre. The distortion is 
such that it spreads the signal pulses in time domain. The 
mechanism of dispersion has been discribed in detail in 
the next chapter. This spreading results in intersymbol 
interference in high speed data systems. This 
attenuated and dispersed optical signal is detected in the 
receiver by a photodetector. The photodetector changes 
the optical signal into electrical signal. During the 
detection process depending upon tho type of the photodetector 
certain noises inherent to the detectors get added to the 
signal. Those noises are of tuo types viz., thermal and 
shot noise. Thermal noise is device and circuit dependent where 
as the shot noise is both device a0 well as signal 
dependent. One of these noises dominates depending upon 
the photodetector used. These noises are added to the 
photodetector output as shown in the model. The thermal 
noise IS considered to be white Gaussian for the system 
design, Tho signal is then filtered to reduce the thermal 
noise. But as the signal bad got dispersed during 
propagation its shape is required to be restored. The 
intersymbol interference caused due to the dispersion 
increases the probability of error. This is reduced by 
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resorting to equalization* j The equalized signal is then 
sampled at the right instants and the rate at which it is 
being received. To achieve this some sychronization 
circuits are used to recover the clock and select the 
sampling instants* A decision is then made about the 
sampled signal using a threshold detector, and we get the 
required signal after it is decoded suitably* 

An optical fibre communication system will have 
minor variations to the one discussed depending upon the 
application, data rate, fibre length, i.e*, repeater 
spacing, etc. All those aspects have been discussed in 
more detail in the chapeers to follow. 

1*6 Applications of Op uical Fibres : 

The advances made in optical fibre communication 
systems recently and the number of experimental links that 
are under trial, and the rate with which new improved 
components are being marketed by various manufacturers all 
indicate the bright future and the vast potential of fibre - 
optics. 

As far as communications is concerned, optical fibre 
cables may be used in a variety of applications where 
copper-pairs, coaxial cables, and metallic waveguides are 
now used for transmission of information. The communication 
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links conld "be short data links with in a building or 

• 1 

long trunk circuits. Data links with in a build uig may 
operate at transmission rates of the order of lOMbits/sec 
over distances of few meters to few hundred meters. In 
such applications, therefore, fibres with higher loss 
(plastic fibres) and greater dispersion could be used along 
with LED and PUT photodiodes. For intracity and intercity 
applications where the transmission rate may be about 
100 M bits/sec over long distances, low loss and low dispersion 
fibres would be required. Cable television use of fibre 
optics IS expanding rapidly on worldwide basis. In 1976 
lele Promp lor I'lanhattan Cable Television Cable Inc. installed 
an 800 ft fibre -optic link to carry TY signal from roof 
antenna to its head -end equipment 54 floors below £ 6 ] , 

Table 1 gives a comparison of some possible digital fibre 
systems with existing communication systems [ T ] , 

Future large scale networks of computers and 
microcomputers will be heavily dependent upon optical fibres. 
Already way back in 1976 it was reported that Du Pont was 
replacing the four-wire cable and conduit connecting two 
Digital Equipment Gorp, PDP-11 mini-computeis with two optical 
fibre channels C 6 ] , Ma 3 or computer system manufacturers 
like, DBG, IM, Burroughs, Hewlett-Packard etc,, have 
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alxeady started tising optieal fibre short links for 

intra-packa^e connections and inter-package inter connections 

1 

[8 ] , Use cf optical fibres for remote ‘computer networks 
IS already under e3p»erimentation, The Jibernet experiment [ 9 ] 
using multimode optical fibres has demonstrated the 
practicability of a 100 M bit/s.km local Computer Hetwoifcs* 
This experiment carried about 150 M bits/sec pseudoraiadom 
data over a l/2 km distance through a 19-port star coupler 
with no errors detected in test seq.uence of 2x10 pulses. 

Por 100 M bits/sec at a distance of 1.1 km, the bit error 
rate (BER) achieved was l.lxio"^. 

Light weight, high capacity and freedom from 
olectromagnotic interference make optical fibres attractive 
for various military uses. Already its use in missile 

s 

launch control has been reported [ 8 ] . Being very light it 
can be used in place of field cables (single fibre cables) 
on man pack basis in difficult terrain which will increase 
mobility. In sensitive areas especially near borders or 
areas in contact with tho enemy, it may be possible for him 
to infiltrate and eavesdrop using very sensitive equipment 
capable of picking up JilI4 energy from a wire cable pair 
running in the vicinity. Optical fibre cables will have 
freedom from such effects of electronic count er-m^sure 
(BOM) techniques. The present day fighter aircrafts have 
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kilometers of electrical cables in tkem for use with their 
sophisticated electronic equipment. If replaced hy optical 
fibres it tnLll reduce tho weight taken up by the wiring 
thus giving "che aircraft more speed, higher range, better 
manoeuvrability or more armament carrying capacity. 

Also it will make th<- aircraft free from EEI interference 
effects, A battle tank is a store house of electrical noise 
which IS picked up by its communication network. Use of 
optical fibres inside tho tank for its intercom system and 
short linlts inside other communicatELon equipment, like 
radio sets, etc., can overcome tho present difficulties. 
Optical fibres have a great use in the naval ships and 
submarines, The elaborate intercom systems can easily be 
replaced by these. There is a vast potential in Army 
Tactical applicacions too [ 10 ] • 

Tncre are variety of other fields like Business 
Electronics, Consumer Electronics, Industrial Electronics, 
specially automative industry (to reduce weight of vehicles 
to improve efficiency because of shooting petrol prices), 
and Instrumentation which have a vast potential for fibre - 
optics. These applications have been comprehensively 
covered by J.E. Montgomery [ 8 ] • 
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The two main aspects which ale acting as constraints 
to still wider applications are the lack of standards and 
the present hxgh price of components, 

1.7 Scope of Work ; 

To be able to appreciate the special features of 
an optical fibre communication system and to help design 
appropriate subsystems, it is imperative to understand the 
optical fibre channel thorotaghly. The optical part of the 
system consists of the optical source, optical fibre and the 
photodetector. A fibre has to be characterised for its 
response so that the communication system can bo suitably 
designed. The characteristics of the optical devices also 
have an effect on the design of the communication system. 

All these aspects including some of the problems associated 
with a practical optical fibre communication system have 
been reported in Chapter 2. 

Some of the characteristics of the propagating 
medim i.e., the optical fibre, result in pulse spreading. 

T’or hi^ speed data signals or for long distance digital 
data communication this pulse spreading poses a limitation 
as it results in intersymbol interference (ISI) which 
increases the error probability, ISI has been combated 
q.uite effectively to achieve very low probabilities of error 
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moderate data rates in tiie coaxial systems by ns mg 
linear and nonlinear equalization techniques. Th.e 
advantages of achieving higher data rates in optical 
fibre systems and longer repeater spacings to overcome 
repeater powering problems, necessitate that ISI be 
tackled to achieve lower probability of error for more 
reliable systems. -Suit ability of the existing equalizer 
structures have been studied for optical fibre channels. 

In view of this, a decision feedback equalizer has been 
designed for a step-index fibre system using a LED as 
the source and a PIE diode as the photodetector - this being 
one of the worst combinations in terms of the overall 
performance of the system. The PIE photodiode and the 
amplifier following it form the front end of the receiver 
before the equalizer. In Chapter 3 we have given the 
structure of the low noise fronb end of the receiver based 
on Personick’s model [ 11 ] . Design of the equalizer and 
simulation results for a data rate of 10 M bits/sec with 
different repeater spans upto 10 Km have been reported 
in Chapter 4* 

On the transmitter side choice of a suitabiQ line 
transmission code to overcome the problems of clock 
recovery, error monitoring, etc., at the receiver for hi^ 
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<3- at a rate systems becomes important. High data rates also 
pose problems in the selection of suitable line coding 
schemes which have less low and hi^ frequ^cy components. 

In this context various transmission codes have been 
studied to enable selection of bhe most suitable one for 
the application in mind and the system under consideration, 1h±s 
has been reported in Chapter 5* 

iJo then conclude in Chapter 6 with some surest ions 
for further work possible in this rapidly developing 
field. 
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THE optical PIBRl GEMMEI* 

2.1 Introduction ; 

A comm-onication ^stem is atlways studied and designed 
for a particular category of channels. This requires that 
we know the channel well for all its characteristics. ¥e 
should be able to deduce the effects these characteristics 
will have on system performance and how will thqy be 
tackled in the system design. In view of this, we shall 
now study the optical fibre channel from a communication 
engineer's point of view keeping above aspects in mind. In 
the case of optical fibres the source and the detector being 
optical devices form part of the optical channel, as shown 
by the dovted box of Pig. 1,4. In this chapter we study 
in detail the three constituents of the opticaL fibre 
channel, viz., the optical source, the optical fibre and the 
photodetector. Problems that are typical of the optical 
fibre channel will also form part of this study. 

2.2 Attenuation in Pibre s; 

Attenuation in fibres has been reduced to such a level 
these days, that it has already become possible to think of 
transmission links of more than 10 kms in length over a 
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fairly wide spectral region* Losses are of two types, - 
absorption and scattering, and their relative importance 
depends upon the wavelength region under consideration* 
Absorption refers to the conversion of li^t into heat while 
scattering leads to the conversion of guided into unguided 
propagation of light and to mode mixing* These losses can 
originate due to either the material or the waveguide 
structure. The two types of losses are different for the 


core and the cladding region, as the power carried in the 
core and the cladding region is a function of mode number. 
I± the loss coefficients are a ^ and a 2 » m the core and 
cladding respectively, the total loss in the step-index 


fibre for the mth mode will be [ 4 ] > 
^ ^ core , „ ^ clad 


- 

m 


P ' 
2 m 


total 


( 2 . 1 ) 


where P„ 
m 


core 


IS the power in the core for mth mode 


p clad 
■^m 


IS the power in the cladding for mth mode 


and 


p total 
m 


IS the total power in the gxiide for the mth mode. 


The total loss will be obtained by summing over all the 
modes, weighted by the fractional potrer in that mode. 
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2.2.1 A'bsorptxon Loss : 

Absorption loss can be due to [ 4 ] •*" 

(a) Intrinsic absorption of the basic material. 

(b) Impurity absorption 

(c) Atomic defect absorption. 

Intrinsic absorption is due to charge transfer bands 
in the ulcraviolet region and vibrations in the near 
infra-red region, For Germanium doped pilica the absorption 
IS less than 1 dB/Em in the range 0,7 to 1,5 pm. Impurity 
absorption is due to the presence of metal ions like of Fe, 

Ou and Or in the glass composition. With better purification 
of glass used for fibre and improved fibre drawing techniques 
this loss has become negligible. The only important absorbing 
ion now IS OH in the range 0,5 - 1.0 pm. High purity of 
glass IS necessary to achieve low losses. Atomic defect 
absorption can be due to thermal effects during fibrization 
or by intense radiation of the glass. These losses which 
can be considerable are important, and glasses less 
susceptible to these effects have to be chosen e.g., G-e-doped 
silica. 

2.2.2 Scattering loss ; 

Scattering loss is mainly caused by Rayleigh scattering. 
Hie scattering, stimulated Raman scattering and stimulated 
Brillouin scattering [1 and 4] . 



Rayleigh scattering is al^rays present, becaxise all 
transparent materials scatter due to frozen thermal 
fluctuations of constituent atoms and compositional fluct- 
uations, fhese cause density and hence index variations 
■within the material. This intrinsic scattering decreases 
rapidly with increasing wavelength and is below 1 dB/lm 
for wavelengths above 1 ^.m, Raylei^ scattered energy 
appears both in the cladding and the core. In the cladding 
it can be absorbed and in the core, it appears as backward 
scattered guided wave, but no serious limitation in 
transmission bandwidth res'ults [ 1 ] • Fluct'uation in the 
concentration of the constituent oxides of the glass 
material result in Hie scattering. 

Stimulated Raman and Brillouin scattering are both 
nonlinear effects. Below a threshold power density level 
there is hardly any effect on the transmission. A-bove this 
threshold, the principal effect is a freq,uency shift of the 
transmitted radiation to low frequencies. Sufficiently 
large frequency shift woxild produce amplitude distortion 
of the receiver. Because of the mall core size, confined 
guidance, (i.e., power concentration) and the -long interaction 
length, the large fields required to make these effects 
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significant can be observed at low absolute power levels. 

Por long distance tran^ission these nonlinear effects 
constitute an upper limit on the potrer level that can be 
transmitted. 

In addition to the above causes of scattering loss, 
there are radiation losses associated with the wavegtade 
structure. Ihe modes which get radiated out are also called 
leaky modes. Ihis loss is due to finite thickness of the 
cladding in practice. Losses also occur due to micro-bending 
and gross bending and these are crucial specially when the 
fibre IS Cabled. Attenuation characteristics of a high silica 
optical waveguide between 0.5 and 1,1 ^im are shown in Pig. 2.1. 
The oh” abso 2 :*ption bands are clearly visible. 

2*5 Lisuersion in the Pibre : 

The information carrying capacity of optical fibre 
IS limited by signal distortion in the form of pulse spreading, 
A narrow pulse of optical energy after propagating through 
the fibre ^n-ll generally spread out in time with the 
consequence that long fibres may be limited in bandwidth 
rather than attenuation. Dispersion (delay-distortion) 
results mainly due to two factors C 1 2 3 • 

(a) Ilultimode delay-spread,- the variation in the 
group delay among ^he propagating modes at a 
single frequency. 

(b) llaterial dispersion. 
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2*5*1 MTiltiiaode Delay Spread i 

As mentioned earlier and shown in Pig. 1.1(b), there 
IS a time delay between the ray travelling along the axis 
of the optical wave guide and those travelling along the 
m-ulti-reflcction path (in step-index fibres)* She slowest 
ray IS the one which travels at the critical angle* This 
implies there is variation of group velocity with mode. 

This t3^e of dispersion is also called intermodal dispersion* 
If t. IS the time taken by the axial xay, t is the time 
taken by critical angle ray to travel the fibre length L then, 

. L (2*2) 


t, = 


t = 
max 


n, 

c 

n. 

o 


cos &. 


(2.5) 


1C 


where c is bhe velocity of light and 9 . is the critical 

IQ 

angle defined in (1.5). Therefore the maximum time-delay 
difference between these two rays is. 


■d 



- t - ^ 

J: 


_ 

max 


^cos 

\o ' 

n^ L 

(J- - 1) 
^2 


n^-n 

_ — 

- c ^ 

^2 


- 1 ) 


I n.6 


(2.4) 


Por 6 = 0.01 and n^ = 1.458 (fused silica) this m\iLtimode 
delay distortion is about 48*6 nsec/km [1 ]. Use of graded 
index fibre can reduce this delay spread* 


ft 
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Delay spread xs also affected by mode mixing. During 
propagation high, angled rays can get converted into low- 
angled rays, or vice versa, due to index variations and other 
geometric perturbations along the length of the fibre, 

This res-ults in the power in a pulse to transfer among modes 
and to arrive at the output averaged over all modes, thias 
reducing the p-ulse spreading. But, unfortunately, mode mixing 
also canses loss because power also gets transfered to 
radiation modes [ 2 ] , Thus reduction in pulse spreading has 
to be traded off with increased attenuation* 

2*3*2 Material Dispersion . 

This dispersion is due to the variation of the 
refractive index of glass as a function of the wavelength, 
which causes variation ingroup velocity of the mode* Pulses 
from broad-band so-urces spread out in time by an amount 
proportional to the so-urce bandwidth and fibre length. Thus 
being a chromatic effect, this intramodal dispersion 
decreases as source monochromaia-city increases. Typically a 
LED source with 50 nm band>n.dth will have about 5 nsec/fcm of 
pulse spreading ca-used by material dispersion associated 
with it [ 1 2 ] . This dispersion is siaaller at longer wavelengths 
(where fibre loss is also lower), going to zero at about 
1.5 l^m, ' 
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2.4 Impulse Response of Optical i^bres ; 

lo investigate, design or simulate any subsystem of 
tbe optical fibre system (or for that matter any communication 
system) we need to cbaracterise the channel. For an 
experimental link the impulse response of the optical fibre 
channel used is normally found by measurement of the delay 
distortion. Belay distortion can be measured either in time 
domain (impulse-response measurements) or in freq.uency domain 
(transfer-function measurements) Baitooski and Personick [ 12 ] 
have outlined a few methods. Many authors have done theoretical 
analysis and found expressions for impulse response or 
transfer function for different types of fibres. Ihese 
theoretical results are based on certain basic assumptions 
and otherrfise ideal conditions. However when an optical 
fibre of any type is manufactured it may have some 
perturbations etc. and thus it is always better to obtain its 
impulse response practically than do any theoretical 
calculations. But for the purposes of study and theoretical 
design of a subsystem one may have fco use the theoretically 
suitable and manageable closed form expression for the 
fibre type under study or use. Some of the methods /theories 
used are [13 ]: Wentzel, Kramers and Brillotiin (VIKB) method 
using a mode continuum or discrete modes, geometrical optics, 
perturbation theory and coupled power equations formulation of 
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equivalent circuit model, geometric optics limit of the 
coupled power equations, evanescent fields etc. Out of the 
three theories dealt with an detail for graded index fibres 
in [ 1 3 3 , it was found that there is a good agreement between 
theoretical calculations based upon method and measurment 
of the impulse response, and that the perturbation theory 
gives a qualitative agreement. Gloge [14 ] has developed and 
used a power flow eqtaation on the basis of some reasonable 
assumptions. He obtained an expression for the impulse 
response of a clad multimode fibre excited by a source with 
gaussian distributed intensity. The good agreement between 
his theory and experimental results indicate that power flow 
equation is a useful description of the power distribution 
in an optical fibre. 

2.4.1 Imp-ulse Response of a Step-index Tibre excited by a 
Lambert3j6tfi source ; 

J.O, Cartlcdge [15 ] has used Gloge *s power flow 
equation to derive the impulse response of a step-index fibre 
excited by a Lambertian source as against a source with 
gaussian distributed intensity as used by Gloge. 

2.4. 1.1 Lambertiato. Source ; 

The radiation pattern of a flat geometry LED can be 
approximately characterised by cos G intensity distribution 



which is the distribution for a lajabortian source Fig, 2,2 (ai* 
Thot^h more directional beams can be obtained from, an edge - 
emitting, double-heterojtinction, LED e,g,» Plessy HR 952 IrBB 
[16] has (cos ©) distribution, but for our purposes we-wUl 
consider a Lambertiftn source. Ihe intensity of light at 
any point along the radiation pattern is given by cos 9 
where is the radiation intensity normal to the source. 
Consider the source located at the axis of the fibre 
Fig, 2, 2(b), 5?he li^t flux in the shaded portion of Fig, 

2.2(c) IS given by 

I cosG dA 

dF r= 

r 

where dA is the area of the circular band formed by the small 
element rd^ whoi rotated at angle 9, 


dA = rd9 x 2 n r sin 9 


The amount of light flux F accepted by the fibre is: 


F 


=/ 


2 IE Iq sin 9 • cos 9 d9 


= 7E I_ sin 9„ 
o m 


(2.5) 


Total light flux emitted by the source is, 
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Therefore the fraction, of Ixght collected by ISie fibre is, 
^ ^ * 


= 

m 


It I sin 
o 


©. 


m 


It I, 


* sin 9 


m 


(2*7) 


= (NA)^ -when NA < 1 

= 1 If HA > 1 


2,4.1*2 Power Plow Equation : 

The assmptions made by Gloge [14] in formulating the 
power flow eq.uation are based on experimental results, Por 
example, the width of the output pulse did not increase 
linearly with fibre length, but showed a less than proportional 
increase for long fibres. Measurements of coupling strength 
showed that a total exchange of power between two modes was 
likely to occur within less than a meter of fibre [17 ], This 
result made the assumption of a modal continuum rather 
than thousands of discrete modes fairly acceptable. Hence 
in this theory, mode coupling took the form of a difftision 
process not limited by small coupling amplitudes. Such and 
other experimental results lead to the assumptions that. 


(a) the discrete mode spectrum can be replaced by a 

continuum; 

(b) the loss due to coupling between guided and 
radiation modes increases as the square of the 
mode order; 

(c) coupling taJces place only between adjacent modes 
and IS independent of the mode order. 
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The power in the fibre is calculated as a function 
of tim% angle 9 that optical energy mahes with the axis of 
the fibre which is a continuous variable and the distance 
Z. G-loge in his previous paper [ 17 ] expressed the change 
(incremental) in power P as a sum of two terms: 

dP PdZ + i (&D ) dZ (2*8) 

where the first term comprises attenuation effects in the 

cladding and the core-cladding interface, out of which term 
2 

A9- comprises the loss caused at the core-cladding interface* 
This term is important as power density at the interface 
increases q.uadratioally with the transverse wave number and 
thTos q.Taadrafcically with The attenuation coefficient A 
measured per meter per square radians is evolved from the 
expression for the total loss ct(9) in the fibre which is 

a(9.) = + A&^+ ... higher order terms. (2.9) 

The contribution of the higher order terms being too little 
are neglected, comprises loss which is common to all 
modes. Iho second term of (2.8) comprises mode coupling 
effects. This term is typical for radial diffusion in 
cylindrical configurations and used here due to the 
assumption of mode diffusion. D the coupling coefficient 
describes the power transfer that takes place between the 
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modes that are adjacent xn the spectrum and as stated above 
xs assumed to be xndependent of 9* 

If P IS a function of time, wo can a3^o write 
dp s= dZ + dt (2*10) 

O Z O T 

J tj 

Ihe derivative ^ is the velocity of power P(9) 
or the group velocity of the mode with characteristic 
angle which has been calculated by G-loge wi'fe siaae 
approximations as 



o 

n(1+©V2) 


( 2 . 11 ) 


where c is the velocity of light and n is the refractive 
index of the core. Bq.tiating (2.8) and (2.10) and using (2.11) 
gives the power flow equation in the form 


h — ^ p(Z»Q»t ) ^ ^ &. 

6Z 2o 6t 

= -A 9^<p(z.9,t)> + j (2.12) 


where p (z,^>t) is the average power distribution as a 
function of distance Z from the input end, the angle of 
propagation 0 in the fibre and time t. 

2. 4.1.3 Impulse Response ; 

Cartledge [15] found the impulse response using the 
above power flow equation. Using the laplace trahoform, and 
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r 

some xtivolved math-ematios and agaxn taking termwise Inrerse 
Laplace transform with some assumptions and using the 

I 

condition for Lambert ann source and imit area impulse input 


as 

P ( 0, 9, s ) = cos 9 
the response obtained is 

oo oo 

k=o m— 0 


(2.13) 


where 


D (x) = the parabolic cylinder function 


a = 


2cA 


n 


= (2k+1) (A )1/2 ^ , 


and 


“kn = <-’) 


m 4'"-®+’ 

t 



)(m+ 1 )/ 23 ^ [-(e/ 2 ) 2] 


The assumptions are: 

(a) Z.>0.15 which means the fibre is 
sufficiently long 

(b) D < 4A which is satisfied by meaningful values 
of waveguide parameters. 


The response involves a double summation and a 
parabolic cylinder function. Provided (AD)^^^Z >1» Cartledge 
in his addendum [18] to the above work has stated that, the 
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impuILse response can be accura'tely approxnaaiJed by "blie 
k=m=0 term of SQA- (2.15). 5!his resxats in 

h(t) = )1/2 e,,, [-(.^n - ) t-1] 

(2.14) 

The impTolse response is plotted in Pig* 2*3? 2*4 and 
2.5 for variotis values of A»D and Z* Since the averaging 
effect of the mode velocities decreases with coupling 
coefficient D, the asymmetry of the response increases as 
D decreases i.e. the dispersion defined as full width at 
half ®iaz (PlffiM) decreases (Pig* 2*3)* Also the number of 
modes being guided is reduced with decrease in D* As the 
attenuation coefficient A decreases the PWHM increases since 
the filtering effect on the hi^ier 03?der modes is reduced 
(Pig. 2*4). In Pig. 2*6 the dispersion (PWHM) is plotted 
against the fibre length* The curve exhibits a square root 
of length dependence. 

2*4.2 Prequenov Response : 

Taking the fourier transform of Bqn. (2.14) we get 

the frequency response of the step-index optical fibre 

» 

excited by Leoabertas-n source as [ 18 ] 

H(t*') ;= 4 7t(2cD/n)^/^ - 3^ )“‘’^^ 

exp^- (2.15) 
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Simplifying and sepers^ting real and imaginary parts gives, 

« 

H(f) =4 tt 

c A 7t f n c A + 71 f n'^ 


exp [- (4 BZ^A+3 - 4 . ^ (2.16) 


Modulus of H(f) has "been worked out in an Appendix 
to this chapter. 

“5 

An amplitude plot for A=0.1, D=10 and a fibre 
length Z of 10 km IS in Jig. 2.7. 

2*5 Optical Sources ; 

The devices needed in an optical fibre transmission 
system are for providing a source of optical energy at the 
transmitting end and a photodetector at the input to the 
receiver. An optical source suitable for optical-fibre 
transmission must be reliable, economical and compatible 
with the fibre. Source compatibility with the fibre is linked 
with fibre characteristics like its geometry, attenuation 
and dispersion characteristics, etc. The source and the 
fibre together have then to suit the system requirements. 
Presently four types of solid state optical sources are in 
vogue, VIZ,, the LED, the Super luminescent diode (SLD), the 
Injection IiASEE, and the Eeodymium-doped ITttrium-alluminum - 
0arnet (]Srd:YAGr) LASER pumped by LED. These emit light within 
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the 0.8 - 0.9 and 1.0-1 wavelength ranges, the regions 

of interest being the low transmission loss regions. 

2.5.1 Light Baitting Diode (T.igD)» 

The electro-ltiminescent radiation an LED is 

incoherent and arises from the process of recombination of 
Carriers inoected across the p-n snnction of a saaiconductor 
diode. The usefulness of such an incoherent source for 
optical communications is its radiance (or brightness) 
measured in waits of optical power radiated into a unit 
solid angle per unit area of the emitting surface. LSD's 
have linear output chanact eristics which maJces them suitable 
for analog applications. They can also be directly modulated. 
They cost less and a^re more immune to temperature changes 
than laser diodes. But the lED^s have greater response time 
giving a lower bandwidth. LSD’s having various structures 
and with different combinations of s®aiconductor materials 
for p-n junction have been tried to improve their radiance and 
efficiency, A typical structure of “Burrus” type [1 ], with 
higher efficiency and radiance using double -hetrostruoture 
aluminum-^allium-arsenide material (A1 Gra.^_ As) is shown 
in Fig. 2. 8 (a). A property of this ternary compound material 
IS that the peak of the emission can be made to faU 
where within the wavelength region of 0.8 to 0.9 pm, by 


56 


controlling the mole fraction x, or the al'uminum content 
with no significant change in device efficiency. This 
allows the system designer to match fibre and source for 
minimum attenuation. Jig. 2.8(a) also shows a reliable 
coupling method, where the fibre end is butted against the 
emitting siirface of the InD and secured in place by epoxy 
resin. In this case the optical power coupled to the 
fibre IS given by [ 1 ] , 


^0 = ® • ye 


p 

where B islhe brightness in watts/Sr/cm , 


A_ IS the Area of emission (active region), and 
s 


Ys 


IS the solid acceptance angle of the fibre 
(depends upon HA). 


Yg = 2 Ti(sin e>^)^ = 2 it(n^^ - ) 


How 


o n -n^ 

6 n 2 ^ -j — L 

1 n. 


2 2 

. n^ = n^ - n.n 




12 


For small 6 , 


A 2 2 2 

on^ er n^ - ^2 
2 

Therefore, Yg= 2 7t n^6 

and = 2 TtBAg . n^^ 6 

Since Pg IS proportional to the solid acceptance angle, 
one should use fibre with a 6 as large as is consistant 
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with limitations imposed by group-delay spread (which 

increases with 6 ) . Here power coiild also be coupled into 

the fibre of larger core area by using a lense or a 

conical taper which increase the acceptance angle of the 

fibre, The lense or 'che conical taper merely serves as 

a mode converter so that the brightness in the core remains 

the same. Typically Burrus-type diodes give a power output 

of 5 to 20 mU. Thus between 5 SmVl to 20 6mW can be 

assumed for system considerations with r.m.s. spectral width 

of about 350 A°. A tradeoff exists between EBD efficiency 

and achievable modulation bandwidth, so that at highest 

practical bandwidths of 150-200 MHz, the device efficiency 

IS only 0.5 percent where as it is about 5 percent at 50 MHz 

optical bandwidth* LElfe formed from OaAs Sb. and GalnAsP 

X 1— X 

have sho-sm encouraging results but are at experimental 
stage only [19] . 

2*5.2 Super luminescent Diodes (SLiys) : 

\fhen an LED is operated in such a way that both 
spontaneous and stimulated emission occur it results in 
narrower spectral width and higher radiance. (In normal IiBD 
only spontaneous emission occurs). This was first 
investigated in GaAs IiBI)*s with strip geometiy similar to 
a laser diode except that the strip was 10« inclined with 
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respect to the normal to the emitting surface to eliminate 
feedback* Since then modifications to this have been tried 
using double-hetrostructure (DH) Al_ _ As material. 

I JL 

Peak power outputs of as much as 50 (pulsed) have been 
efficiently coupled into a fibre of NA = 0.65» iiie spectral 
widths achieved being 50-80 A° [ 1 ] . 

The SU) in its present form is inefficimt compared to 
laser but the phenomenon of superluminence holds promise for 
higher radiance and narrower spectral width than LED* 

2.5*3 Innection Lasers : 

Semiconductor infection laser is exceptionally well 
suited for optical-fibre transmission being physically small, 
inherently rugged, highly efficient and can be pumped and 
modulated directly by means of injection current* Most 
promising is DH structuro design consisting of layers of Al_ 

JOlm 

trith different values of x grown with liquid-phase- 
epitaxy and to-th which low-threshold continuous operation at 
room temperature has been achieved* As mentioned earlier 
controlling x can control the wavelength of emission to 
any desirable value between 0.8 to 0.9 |im, This feature 
opens up bhe possibility of frequency multiplexing a number 
of carriers into a single fibre* 


i 


V 60 

\ 

\ 

* 

\ 

Unlike LED*s, high, coupling efficiency into multimode 
fibres can be achieved by merely placing the fibre end next 
to the output end of the laser# or by using a fibre idlth 
a spherical end* On the other hand# single mode coupling is 
not as easy because the laser mode is elliptical in cn^oss 
section. Therefore, a section of fibre mth suitable taper 
could be used* 

Injection lasers can easily be directly mod\alated 
at high speed by variation of the injected current, DH 
structure lasers can provide 10 m¥ or more of single or 
multimode power with sufficiently narrow spectral width to 
enable n^lecting of material dispersion in long distance 
fibre transmission* 

2.5.4 Neodymium -■ Doped -- Yttrium - Aluminum-OametCNd lYAU) : 

Initial Nd:YAU lasers using elliptical -cylindrical 
pumping cavity using tungsten halogen lamp as pump, required 
water cooling etc. They were bulky in size and moreov^ 
with an efficiency of 1 percent, were unsuitable for use in 
fibre systems* Now small size Nd:TAU lasers with low power 
consumption using end pumping with single LSD have been 


i 
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demonsi; ranted "to work aiJ room ■fcempera'b'ure m a p\jlsed mods 

t 

operation* Single-freauency output power of a few mxlli-watts 
IS e::^ected from these. The ird:tA<J laser is suitable for 
optical fibres for the following reasons [1 ]: 

(a) Wavelength of emission is 1*064 {im, -tdiich coincides 
with one of the low loss regions of silica fibres. 

(b) Because of long wavelength (compared to O.S^-O.S |Mn) 
Eayleigh scattering loss is less (1/^^ dependence). 

(c) Narrower spectral emission width and hence less 
material dispersion* 

(d) Relatively easy to obtain sirigle-freq.uency single- 
mode output, 

(e) LED pumping is e:^ected to yield long life. 

However they are not suitable for direct modulation. An 
external optical modulator is therefore always re(l\iired« 

Pig. 2.8(b) shows a schematic of a miniature NdrTAG laser end 
pumped by a single LED [1 ] • In 3 ection lasers these days 
are being designed at the above frequency range, and the 
advantage of wavelength of operation of Fd:YAG laser is 
overshadowed. Table 2 summarises and compares the four 
optical sources. 
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2,6 Optical Detectors : 

In general optical (photo) detectoiB convert optical 
power into electric current by the familiar photo-electric 
effect, For fibre systems PIN photodiodes and Avalanche 
photodiodes are the two types of semiconductor optical 
detectors which have been found to fulfil the following 
important requirements: 

(a) High response at the wavelength of emission of 

the prospective source ( 0.8-0, 9 pm for IBH 
and injection laser, and A= pm for Nd:YAGr 

laser) , 

(b) Sufficient bandwidth or speed of response to 
accomodate the information rate. 

(c) I'linimum additional noise introduced by the 
detector* 

(d) Low susceptibility of performance characteristics 
to changes in ambient conditions, 

(e) Compatibility in size, power supply requirements 
and coupling to the fibre. 

PIN photodiode is simpler of the two devices. It is 
operated in reverse bias as shown in Fig, 2,9 (a). Optical 
power incident on the photodiode as shown gets absorbed and 
produces elect ron~hole paii® resulting in mainly displacoaent 
current, The number of electron— hole pairs produced depends 
mainly on the quantum efficiency of the diode. Quantum 




Pig. 2.9(a) J PIN Photodetector 



Pield 



Pig, 2.9Cb) . Pliotodetector 
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profile IS adjusted to result in a narrow region to the left 
of the intrinsic (i) region where high electric fields exist* 
Garners which drift into this ^region can he accelerated to 
velocities which are sufficiently high to generate new 
electron-hole pairs through the process of collision 
ionization. ‘Ihese new carriers can. in turn generate additional 
pairs. The result is an effective amplification of the 
photodiode output current. But, unfortunately, this 
multiplication is random. The variance of this random process 
IS made as small as possible by proper device design. As 
stated above the speed of response of a PUT detector is 
governed by the time it takes for carriers to cross the “i" 
region, Por APB the speed of response is governed by the 
time it takes for carriers to cross the ”i" region plus 
the time req.uired for multiplication process in the high 
field region. Betectors of both types have been fabricated with 
response times less than 1 nanosec, Th\is for digital systems 
operating at speeds below 100 M bit s/sec we can idealize the 
detectors as having an infinite response speed [ 20 ] , In 
practical APB’s there is a tradeoff between the gain and the 
bandwidth (response speed). Mostly made of silicon these 
detectors have very high quantum efficiencies. 

2.6.1 PIN Photodiode Model; 


Pig, 2. 10 shows the PIN photodiode circuit and its 



Bypass Capacitor 



(a) PIN Ptiotodiode Circuit 



(b) EqiiiTTgilent Circxdb Rg=Diode Series Resistance 

Rj^»PhysiGal load Resistor 

%pass Capacitor 



(c) AvalaXLCbe Photodiode Circuit 


Pig. 2.10; Photodiode Circuits 
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incremental equivalent circuit [ 21 ] , The diode as can he 
seen is essentially a current source. The small series 
resistance is negligible in most applications* The load is 
the amplifier to ho used with the photodiode modeled as 
a resistor in parallel with a capaciter follow©! hy an 
idoal» infinite impedence amplifier. If A(f) is the 
amplifier gain and 1(f) the detector current at a frequeaacy 
f, the output voltage is given hy: 

V(f) = 1(f) Z(f) A(f) (2.17) 

whoro Z(f) = V'/aj + 3 2 n'f "Oj 
IS the impedence of the load, and 

and C(jj = + 0^ 

If the opt ical power falling on the detector with 
rosponsivity R(amps/watt) is p(t) watts, then the amplifier 
output voltage is 

v(t) = p(t) R * (t) * (t) (2.19) 

whore * denotes convolution 

h^ ^ (t) IS the detector impulso response 
diode 

h (t) IS the load amplifier* impulse response, 
amp 
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lii IS to bo noted that p(t), the received optical 
power varies in time at a base band rate and not at an 
optical rate* Farther the model assumes that the detector 
output current is a linearly filtered version of the received 
optical power* 

2.6.2 Avalanche Photodiode Model : 

J’rg*2.10(c) shows a schematic of an APD biasing 
circuit* The APD rosponsivity is a strong function of the 
bias voltage. Therefore power supply has to be controlled 
by a temperature compensating circuit to maintain a fixed 
avalanche gain, because temperature variation varies the 
detector breakdown voltage. This bias voltage in an APD 
may bo hundreds of volts. This need to provide a controlled 
high voltage bias is a serious drawback of APD’s. The 
equivalent circuit of an APD is idontioal to that of a PIN 
diode as shown in Fig.2, 10(b). Since the avalanche gam is 
bias sensitive, saturation can occur if the applied signal 
variations are very largo, therefore caution must be 
exorcised, 

2.6.3 Noise in Photodiodes ; 

The ultimate performance of a communication systm is 
usually sot by noise fluctuations that are present at the 
input to the receiver. Various soui^os of noise associated 



70 


■with the detection and amplification process are depicted 
in Fig. 2*11. The figure shows noise in an IFD. For PUT 
diode the hlock containing *Avalahche gain* need not he 
considered* 

Normally when the photodiode is without the internal 
avalanche gam> thermal noise arising from the detector load 
resistance and from active elements of the amplifier circuit 
dominate. V/hen internal gain is employed* the relative 
significance of thermal noise reduces. 

2*6*4 Statistical Model of PIN hiode : 

We have seen that the incident optical power p(t) 
generates an average current i(t) proportional to p{t) 
with responsivity as tho proportionality constant. The 
actual process of generation of indi'Tidual electron-hole- 
pairs, resulting in the displacement currents in pulses (which 
are summed-up and averaged), is a random process. The 
difference between the indi-Tidual actual pulse in any given 
response, and the average pulse response is the signal 
dependent noise o(t)* For design it is important to know 
something about the statistics of this noise. Wo follow 
the mathematical model evolved lay Personick [ 21 ] • 

Assuming that in response ta fi^ed optical power 
p(t) tho carriers are generated at times that the 



® Quantum or 
Shot 

® Dark Current 


® Bzcess - Due 
to Random Gain 
Mechanism 


® Thermal-Input 
Resistance 

® Device-Active 
Elements 


^ Sorface Leakage 
Current 


Eig. 2.11: Depiction of Various Hoise Sources 
at the Rront-end of an Optical 
Receiver, 


P(t) 

/ 



Pig. 2*12: Model of ig(t) Generation Process 
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dxspXa.cem.^n.'t curren't producod is "blie same for any electron— 
liolo pair^ tliGn tiio yoltagc dcToloped across "tliG load is, 

ns=1 

•jdiere e is tlie cliargG of an electron, oveirall 

impulse rosponsG of the diodo and the load, to an eleotron- 
holG pair generated at time t=0 and U is the total number 
of such Pairs gonoratod. Both N and the set of generation 
times are random qiaantitios. If wc consider a small 

interval of time dt such that in it only either 1 or no 
electron -hole pair is created, then the probability that 

one pair is created is A(t)dt, where A(t) is the average 
number of electrons generated per second and is given by: 

( 2 . 21 ) 

This pair generation is assumed to bo independent from interval 
to interval* Therefore the total number of pairs created 
during the time interval [ t,t+ T ] is random with Poisson 
distribution: 

5rob[H=ll]= (2.22) 

whero K IS the mean value of n and givcai by 

t+T t+T 

/ A(t) dt . / ^ P(t)dt 

t t 


K * 


(2*23) 
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Theroforo, Eq^n. (2.22) can also Iso writrten as 


Prot [ E, ] * 


ezp(^) ] 

“ E! 


(2.24) 


Prom (2.21) and above, tlio avorago voltage across tbe load 
can bo derived as [ 21 ] , 

t-rtJ 

-loadaT = ^ I (2-25) 

t 

Prom Bqn. (2.20) and Bqn. (2.25) tbo moan square dovxation 
of the voltage developed across tbe load from its average 
value can bo found, ¥hicb. constitutes tbc poisson 
distributed 'sbot ‘neiso. Tho amplifier output voltage 
depends upon tins voltage plus noise from tbo diodo biasing 
resistor (^bnson noise) and from tho amplifier intamatl 
noise sources. 


In receivers with. PIN photodiode, the thcsrmal noise 
(duo to biasing resistor and the amplifier) donnnates the 
shot noise. 


2.6.5 Statistical Model for APD ? 

Iho model applicable for a PIN photodiodo is also 
true for an APD upto tho generation of primary electrons, 
lo includo tho avalanche multiplication process and thus 
generation of secondary electrons tho model in Pig.2..t2 is 


suitable [11]* 
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If G- xs the nmbor of secondary pairs (xncl\idiiig the 
primary pairs) produced through tho collision ionisation 
mochonism the voltage developed across the load hy the 
displacement currents flowing in tho APD is given by 


K 


load 


(t) = =2 ® 
nal 


( 2 . 26 ) 


All G af e statistically independent and their prebability 
distribution depends upon the type of APD* Ihus the current 
leaving tho APP consists of 'bunches’ of electrons, the 
number of electrons in tho bunch being a rardom qiaantity. In 
particular it is a function of tho ratio of hole collision 
ionization probability to electron collision ionization 
probability. That is, as tho electron-hole pairs generated 
drift through tho high field region of tho detector, one 
Carrier has a stronger probability per unit length of drift 
to produce a now hole-oloctron pair. The derivation of the 
statistics IS too complicated and only the useful rostilt 
relating tho moan gain ^G^ and moan sqtuare gain <,G^ 

IS given. If k is the ratio of ionization proT^ibilities, 
then wo have [ 21 ] , 


<g2> <G> ) . <G>^ 

whore P( <^& ^ ) = k ^G )> + (2 + ^ ) ( t-k) 


( 2 , 27 ) 
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i 

Pojf SA ido&l Hl'UltipliCa'fclOll HlQC hfi r> i am -^q yfi wt jt 

«lr 

havo s i« For good ^xlicoi^ dotooi^oze k is 

0.02 sAd 0.03, For tko large class of AP3)*e of interest, it 

has been found that [11], 

<®^> « <®> (a.j8) 

vhoro ^<3-^ is detorminod b7 the applied bxas voltage shd x» 
a ntoabor usiially botvccn 0 and 1 , depends t^on the diode 
material. For gormaninm photodiodes x » i; for good silieojs 
photodiodes x «0,5# 

2,7 Somo Pracl&ioal Problems in Ontxcal FHare Ooiwmunieation 
System| 3 ; 

A practical optical fibre coumnnication systma mill 

/' 

have several problems tdiich have to bo solved satisfaetoxlly 
for an improved porformaneo of the overall system. Froblans 
which aro typi<^ of a fibre system only have been considered 
‘ hero. Somo of those are splicingt conneetions, efficient 
laying of optical cahlos and powering of repeaters. 

2,7.1 Splices and Connectors ; 

Splices arc roqLUired for Joining lengths of optical 
fibres in tho field, They must provide low-loss, t«i<^ 
pozmanont connect ions. Connectors aro ro<i'uircd to congple the 


f 
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optical calslG to tlio terminal oqnipmrait, The 'basic difference 
hotwGcn the two is that connectors aro detachalsle. Stnaerous 
fibre to fibre detachable connectors also exLst^ 

Optical energy is required to be coupled from source 
to fibre » fibre to fibre, or fibre to detector. The factors 
which effect coupling are core diameter and numerical 
aporturo* Diamotor will account for rolativo ease of coupling 
Numerical aperture will give the light acceptance angle of the 
fibre. Thoroforo it affects tho design of the connector so 
that maximum possible optical energy is coupled to tho fibre. 
An input coupling loss will occur if the angular emission cone 
of tho optical source exceeds that defined "by the numerical 
aperture of tho fibre. 

Other than detachable connectors source to fibre 
coupling techniques include close butting, microlonsing 
and uso of taper ed or bulb-ondcd fibres [ 19 ] ♦ Bvery type 
of coupling is associated WLth some loss. Splices and 
connectors are therefore required to be designed for 
low loss. 

Since coro diameters of optical fibres range from 
about 20 p.m to 60 jim, tho fibres must bo accurately aligned 
(within 10?S of tho diameter) in order to keep the splicing 
losses small 'to ■within 0.5 dB. Splices should also be small. 
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Ixgh't voxgh.'t a&d tnaggod* AzxaX or latoral aXignment is 
most difficult to control, x small end separation or 
misalignment can increase optical loss, Ei.g,2.15 shows 
the loss duo to end separation and misalignment [ 6 ] • An 
arial off— sot d o(3.ual to half the fibre core diameter D 
causes greater than 4 dB loss where as a separation of fibre 
ends by the same amount gives a loss of 6 dB* Some of the 
practical splicing techniques that have been esplored 
include the use of V-groovod substrates, circular snug tubes 
and square loose tubes for single fibres, and nultigrooved 
substrates for mass splicing of ntiltifibre ribbons [ 2 ] • 
Oonnoctors have one additional rcquireaient than splice* It 
should bo able to mate repeatedly without much degradation 
in coupling efficiency and mechanical strength. 

2.7*2 laving of Optical Fibre Gables : 

Optical fibres as drawn are fairly strong* However, 
abrasion, chemicals and radiations can seriously reduce 
their strength. To preserve their strength fibres are given 
a plastic coating soon after they arc drawn. Fibres are 
then bunched together to form cables. Various manufacturers 
have used different cabling techniques and configurations 
to produce strong, li^t weight, small size, handlaahLe, low 
attenuation cables. Cross-sections of some of the cable 
configurations is shown in Fig. 2*14* 



End Sepa rati on {[ID) 
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filiTG connmi'j.oa'tj.oji cables asco tisusiXly 
ins'talJ’Od direct by bcjrta^- iii the ground at tho depths ot 
two to four feet or they nay be pulled mto ducts* *The 
two principal diffor^ioes between optical fibre cables 
and conventional wire*<oables fron tho installation point 
of view are» firstly, these are raialler in size, lighter 
in weight and are produced 3Ji longer lengths than convention; 
Cables, and secondly, a splice introduces nuch nore loss 
in these than a corresponding splice between conventional 
wire cables* Many practical trials and installations have 
boon carried out and not nuch additional difficulties have 
boon experienced as conpared to wire cable laying* Infact 
the larger lengths of tho fibre-cables are found to be 
advantageous [ 22 ] . ITo trials have yet been reported of 
installation of fibro-cablos by ploughing Aerial installatu 
IS being considered as a future possibility [ 10 ] • 

2.7*3 Powering of Roneators : 

Powering of repeaters is a very na^or problen for 
future long haul systous, since tho optical fibre cannot 
serve a3 a powering nediun as opposed to copper cables* This 
Can bo tackled in two emiirely different ways. One is that 
a ropoatcr be locstHy powered. It is for this reason that 
efforts are on to achieve as large a repeater s;^cing as 
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possible so ’tih.a't one is able to place repeaters at convenient 

4 

locations along a route wboro power is availablOf lilce some 
snail village or town exobanges enroute. Also to have 
nininun possible nunbor of repeaters for high data rate links 
use of eq.ualization in the receiver is being considered* 

For routes going cross country powering nay be feasible by 
using local batteries# Recent investigations for mlitary 
uses have shown that 30 day battery operated repeaters are 
feasible [ 10 ] , 

Another nethod is to use schenes smilar to conventional 
powering plans used for existing copper cable systens. This 
entails laying of a pair of copper cable/wires only for 
powering the repeaters. This nay be a costly venture but 
nay be the only alternative# The situation can bo nade cost 
effective as conparod to conventional systens where each 
cable carries its own power# In fibre optic systmis a 
nunbor of repeater chains nay share a single powering pair# 
Even if tho required quantity of coppor in connon plans is 
oqual to that required in a seperato powering plan (for 
each cable pair) conuon use of the insulator and power 
regulator and nuch loss nunber of repeaters nay result 
in overall econony. 

A typical powering plan called “series powering” ^ 
ordinarily used in conventional copper cable systecis is shown 
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k 

in iFig* 2.15(a) [ 23 ] • The nost mportanl: paraPelJer is 
the poworing voltage E^, the upper linit of which is 
regulated fron the stand point of safety. This is not 
an efficiont plan hut for copper cables the plan is 
defined by the powering phanton circuit which can be occupied 
by a single repeater chain. Since optical fibre syst^ 
network structures are not restricted by the structure of 
phantou circuits there is nore freedon available to plan 
powering networks and an optmun plan can be approached* 

Por all such plans the nain effort is on mninising 
the powering voltage E^. Bjj has to be nininisod under one 
of the following throe conditions, the choice being dependent 
on feasibility, efficiency and cost eff cctiveness : - 


(a) Constant current receiving - 

%^^^nin “ % (Mininising ^ with respect to 
and whore is received power. 

(b) Constant voltage receiving - Bgjj® 


(c) Constant power receiving - 
For the "senes powering" plan of Pig. 2.15(a) 

^ = (2lj^E+Eg) H = (2l5^a+(¥g/lg)H 


(2.29) 




(b) Parallel powering 
receiving 


t in-con^'.tant current 


Parallel powering' plan -■ cuni^turtt voltage 
retr'ansrrission . 't. 


"powering plan ~ constant r 

ning 

eneater Powerinq Plans 
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where a Mininismg ^ with respect to for* 

const attt Wg we have, 

can = 2 N fsgr (2.30) 

Assuning practical. para»eters for conparisoa 
purposes as:-*> 

power cable inpedence a 500 ohns, 
power consijnption at each repeater station 

Wq = 10 watts, 

nunber of repeater stations R = 5, 
a plot of and for ’’senes powering plan" is shown in 
Pig. 2.16(a) as a solid Ime with the circle on it showing 
®Tnin (1000 V) , where ^ is about 1O0V. being Tory 

high for any roguired to power an APD that nay have been 
used in tho repeater the plan is inefficient. Pig, 2.15(b) 
shows "Parallel poweriiB plan- constant current receiving”. 
Pron the figure it can be seen, 

B^ss Eg+RIg.2B+(R-1)Ig.2R+(lSf-2)Ig.2R + 

=S Bg-IR (I +1 )R|¥g/^) ( 2. 31 ) 

Mininizing wiih respect to we hav@!. 


( 2 * 52 ) 



TRANSMITTING VOuTAGE 



A Conventional 


irallel Powering 
Series Powering 


0 100 200 300 400 500 

RECEIVING VOLTAGE (Volts) 

2*16 (a) Plot of Transmitting vs Receiving voltages for 
Series and Parallel Powering Plan — constant 
current receiving 


3 4 5 

REPEATER STATION NUMBER 

iparison of Powering PlansQcurve 'o'— Parol 
/erinq plan-constant current receiving 
erence). curve ‘b' and 'c'-Parallel powering 
n -constant voltage transmitting and constc 
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Tho dotted liae in Pig. 2,1 6(a) is plotted for the saJie 
paranetors as given ahove. (B^j^^j^=774.6V). Thongh the 
corresponding value of is larger still the plah is not 
efficient. Teikasahi [ 23 ]has investigated five nore powering 
plans viz.y parallel powering plans with constant power 
receiving, with constant voltage retransnission, and with 
constant ratio transfoming; and series powering plans with 
throe wires and with four wires. He has concluded that 
"parallel powering plan with constant voltage retransnitting" 
(Pig. 2.15(c)) IS preferable fron the stand point of nakxng 
nininuu, however, variation in receiving voltages is 
relatively large. This prohlea is ovorcone in parallel 
powering plan with constant ratio (voltage) transfoming 
(Pig, 2,1 5(d) with a little increase in Pig, 2.16 (b) 

gives a relative conparison of these two plans with “parallel 
powering plan “ constant current receivi3ig“ of Pig. 2.15 (b). 

It noy be concluded that the develoi^ient of repeaters 
with snail power consunption is quite inportant in the 
optical fibre systons. Accordingly, developnent of optical 
devices and design of transnission equipnent should be 
carefTilly based on repeater powering considerations. Just 
to nention one, optical pulse fomats that include utore 
tining oonponent will help realize a timng extractor with 
snail power consunption. 
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AI’PEUDIZ. ItodtuLus of t h e Ohannel Prequenf^y Reapr>ri««:» 
Prom Bqn. (2*16) we have the frequency response 


H(f) s= 4 It (“"§ 


2 2 ii 2 2 
ic^f n^ 


-1 JLfcPn .1/2 

3 2 ^ T 2 g ) 

c^A + It f'^n 


ezp [ -(4BZ^A+a ^ 

This IS of the form 

H e k(p~3q)^/^ exp [ -(r+3s)^^^ 3 
ITow exp (“3 0/2) 

whore tan 0 = q/p 

and (r+3s)^/^ = (r^+s^)^^^ (cos ©/2 +3, sin 9/2) 
whore tan 9 = s/r 

therefore exp [ -(r+3s)^/^] - exp ^-[ cos 9/2+3 

(r^+s^)^/^ sin 9/2]} 

Therefore, H(f )=j£(p^+q^)^/^ exp [ -(r^+s^)^^^ cos 9/2] • 

exp [-3(0/2+(r^+s^)^^^ sin 9/2)] 

Honce, I H(f )| = k(p^+q^)^^^ exp[ -(r^+s^)^^^ cos 9/2] 

whore k=4u ? p= A . y ; q = ■ - ig - j 

c‘^A+ Ti^f n'^ c &+ 15 f n 

r = 4DZ^AJ s= J 


cos(9/2) = 1/2(1 + 


(o^-+d^) 


175 ^ ] 


1 1/2 


|H(f) j derived abovo has been used to plot the frequency- 
response (Pig. 2*7) • 



OHAMER 5 


SBOEIVER DBSIGE 


3.1 Introduction ; 

A systematic approach, to designing a receiver for 
a digital, optical fibre communication system has be^ 
provided by Personick [11], In particular he has illijstrated 
the proper choice of the front end preamplifier and biasing 
circuitry for the photodetector. He has also illustrated 
how the re(i,uired power to achieve a desired error rate 
variaa- with the bit rate, the received optical pulse shape 
and desired base band output pulse shape, in his analysis 
he has used avalanche photodiode (APD) as the photodetector 
in the receiver. Eased on his receiver model we shall 
analyse the front end of the receiver having a PIN photodetector. 
We shall also find the power requirement (receiver sensitivity) 
for various lengths of the step-index fibre described in 
Chapter 2. This gives us the power penalty with increase 
in fibre length (i.e,, repeater spacing). We have also 
found the power requirements for various input pulse shapes 
considered by Personick to achieve an output signal which 
IS free from ISI for iiie channel consadered, 

3*2 Reo elver Model: 


The schematic of a typical receiver is shown in 
I^g, 3,1* The figure shows the eqtii valent circuit of the 
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pliotodetector with the bias circuit, the equivalent circuit 

or the preamplifier, the equali^r and the sampling and 

decision circuitry# She front end of the receiver consists 

of bhe photodetoctor and a high impedance low noise amplifier. 

In the first pant of the figure the current generator ig(t) 

represents the current produced due to the optical power p(t) 

incident on the detector. is the o^^^ction capacitance 

of the PIIT photodiode. is the bias resistor and i^(t) 

represents the thermal noise due to E^. In the second part 

R. and 0. are the equivalent shunt resistance and capacitance 

at the preamplifier input. The amplifier-current noise 

source i (t) and the amplifier-voltage noise source e (t) 
a 

are referred to the input. The noise sources are assumed 
bo be white, gaussian and uncorrelated WLth the two-sided 
spectral densities defined as and S^. The amplifier gain 
IS assumed to be suffioiently high so that the noise 
introduced by the equaliser is negligible. 

Ihe power falling upon the detector is assumed to be 
of the form of digital pulse stream 

p(t) = X 

k=:-» 

where bj^ are input spibols aai take on one of -ttie two 
values for each integer values of k, 5 is the pulse spacing. 
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lipCt) IS tile pills© shape and is positive for qn t, though 
in general » the pulses do not add linearly in power, but 
the hypothesis of an incoherent intensity modulated source 
(LED) exciting a multimode fibre (step-index) enables the 
guide to be treated as linear in power. Therefore, the 
assumption of the form of Eq.n. (3*1) is reasonable. ¥e shall 
assume 

Oo 

J hj,(t-ki) = 1 

-00 

therefore \ is the energy in pulse k. 


Erom Bqn. ( 
current <(ig(t))> 

<V*)> = 


2.21 ) we have the average detector output 
given as 


Tig pC'*^) 
h IT 


(3.2) 


where e is electron charge t) » h and jr have been 
explained in section 2.6. The dark current has been 
neglected. 

Therefore, the average voltage at the equalizer 
OUtlDUt is 

y — ‘'^e ^ ■ * (t) * h (t) f zc 

Cout^^V =* Tu ^ e*! (5*5) 

where A is an arbitrary constant and * indicates convolution, 
h^g IS the impulse response of the front end of the receiver 
i.e., detector and amplifier and is given by 
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^fe = ] 

wlior^ , Z( u>) s - >■ ; < ' ' ^ . , 

Rq, is the total detector parallel load resistance, 

and h^q^(t) is the eqiializer impulse response. 

As out^jut of each block is a linearly filtered version 
of the input to that block we see that, 
form 

09 

= I \ I'out'*-''®) £3.4) 

k=-tf> 

and 

= I \ “£*) 

k=-<» 

where l^out^^^ overall impulse response at the output 

of the equaliser as mentioned in Rig. 5.1 and n(t) is the 
deviation (noise) of average value * 

3.3 Oalculation of Roise Power : 

The noise term n(t) above consists of two parts, 
amplifier thermal noise and the shot no,ise associated with 
the detection process. As mentioned earlier that the 
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* detector output consists of electrons which are created 
at random times and their number is also random but on 
an average proportional to the incid^t optical power* The 
deviations from thi*s average curr^it due to the above 
randomness res-ults in the shot noise. We now find the 
Variance of the noise n(t) defined as 


H= <n(t)2> = - <\«t 

The noise n(t) depends upon the coefficients 
the time t* 


(t) > 
{\| 


2 

and 


We asstime that decisions as to the values 
made by sampling at times t =* and that the 

equalised pulses are free from inter symbol interference at 
these times i.e.^ we assume 


o 

If 




for t = kT, k 0 

(3.5) 

Therefore, 




b^ + n(kT) 

(3.6) 


In the Pin photodetector considered in the receiver* 
as there is no avalanche gain, thermal noise part of the 
noise n(t) dwndnates the shot noise. We therefore neglect 
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"llie sliot noiso m our furtlier analysis* We can "tlieti wnlje 
tho output noise as 

( 3 . 7 ) 

where n^^Ct) is the output noise due to the thermal noise 

current source i^ representing the resistor E^, 

n^(t) IS the output noise due to the amplifier input 

current noise source i (t), and n (t) is the output 

noise due to the amplifier input voltage noise 

source e (t), 
a 

We have 

How as all the three noise paJts are white uncorrelated, 
using the formula for filtered white noise, we have 

whore is the thermal noise due to h being the 

Boltzmann's constant and K is the absolute temperature 


in degrees Kelvin, 
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co 


and 


(n^(-b)^ - Sj. J jz(w) Hg^(w)|2 dt^ 

-oo 

<n2(t)> = Sj. ^ J a:. 


where H^g^C^) _ ^[hg^Ct) ] = equalizer transfer function, 

— P[hp(t) ]= input power pulse transform a'n<^ 
^out^^^ “ ^ output pulse transform, 

then = H„("). Z(“) . H„(«) 


eq' 


(3.9) 


Therefore substituting for each term in Eqn, (3,8) 
and using the relation in Eqn, (3.9)»noise power works out to 


1 / 2» kK . « \ 

“ = IT <■— + • 


ao 


/i 


-c?0 


H . (iu) 
out ^ ’ 

H (w») 

p 


df*3 


C50 


S. 


i/l 


(_ 1 _ 

hTCT ' iu ■^5“' 

Jr 


0i)| 


dto 

( 3 - 10 ) 


Prom Eqn. (3*10) we observe the following; 

(a) Regardless of the choice of H^^^Oo), the noise is 

always made smaller when R^ is increased. Th®c*efore, 
subject to practical constraints and for a fixed 
amplifier and a fixed desired output pulse shape 
(which IS determined by the equalise and R^) it 
is always better to make R^, the bias resister, 
as large as possible. 
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(b) For a givea Sj aad ^ aad a given output pulse 
shape* it is desirable that the amplifier input 
resistance be as large as possible and that 
shunt capacitance be as small a s possible* 

(c) It is desirable that the diode shunt capacitance 
be as small as possible* 

3*4 Effects of Input Pulse Shanes : 

Selection of the input pulse shape has considerable 
bearing on the perfoimance of the systsm* The choice has 
to bo based on the receiver sensitivity, Eor the three 
input pulse shapes considered by Personick [11 ]we shall find 
the noise power at the output. The output pulse shape 
considered is raised cosine in all the three cases so we have 
an output froo from ISI at the sampling instants [ RT ] * 

The fibre channel considered is the one discussed in 

in Chapter 2 with a length Z of 10 Km, attenuation coefficient 

—5 

A =s 0*1 and mod© coupling coefficient D = 10 • The data 

rate considered is 10 M bits/sec* 

Eor the system shown in Eig* 3*2 the receiver 
response consists of the detector amplifier and the 
equaliser response. 




I'lg* 3*2 Block Schematic of the 3^st®a 

H 4.(f) 

%(f) ® i^ffy.E^vt') (3.11) 

For Hjj^(f) to exist it is necessary that Hp(f).H^(f) 
not bo zero at any frequency upto the frequency of interest. 
The three input pulse shapes shown in Fig. 3.3 are: 

(a) Rectangular input pulses: 

h (t) s <t < ^»0 otherwise (3.12) 

P 

oc 2.3 the parameter which gives the width of tiie 
pulse in one time slot 1(111 = t/Eit rate). 
alC/2 

H (f) = / ^ « 

^ - 01/2 




hp(t)=^ for'-y<t<^,0 otherwise 

(a) Rectangular Pul^^es ' , ■ 
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(b) Gaussian input pulses: 


° ife ^ ^ I 

Therefore ^^(f) :s exp | -(2 itaTf)^/2} (3.15) 

(c) B3j>onential input pulses: 


lip(t) a ^ exp (- t/ aT) 



^ 

+j(2 It f) 


(5.16) 


* ?+o'( 2 n t ^Tj (3.17) 

The raised cosine output pulse response and its 
transfer function are: 

hQ^^(t) = [ sin(|^)cos(S|^) ][ ^(l-C-^^)^ ) ] ^ 

(3.18) 

Hout(f) “ forO<lfi< ^ 

a T/2 {l-sin(^ )|» for 

P 

a 0 


otherwise. 
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where p is the role off parameter of the pulse. We consider 
p = 1 in our calculations. Therefore 

®out^^^ = for f = 0 

= I E 1+cos( mfT) ], for 0 < |f ( < i 
= 0 otherwise (5.19) 


The chaJinel impulse response and transfer function 
are given in Eq.ns. (2.14) and (2.16), respectively. The 
transfer fmction is reproduced here for ready referencex 


2 

rr ^■p^ - A ‘ ^ »D«A Ttx c.-u.n v 

H V ^ / — 4 71 \ - r r -,r ~ ^ K J O O O O O / 

° n o V+ it 


Ttf o.D.n 


1/2 


oxp [ -(mh+3 )^/^ ] (3.20) 


whore o IS the velocity of light infree space and n is the 
refractive indox of the core* 


Using Eqn. (3.11) we find the dc response of the 
receiver which for all the three input pulse shapes is 
Same , 


H . (o) 

"" EAo) . HqVoJ 

jtr 

Hp(o) for all ^he pulse shapes is unity. 
Hoy^(o) = T/2[ 1+ oos(o)] =: 5!, and 

Hr.(o) works out to he 
R 
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As the noise considered is white, to find the noise 
power at the output we first find the noise equivalent 
bandwidth of the receiver H^(f), which is defined as: 


00 


df 


1 /2 

where is the centre frequency amplitude ratio or the 

voltage gain. Here the centre frequency is zero and the 
voltage gam is Hj^(o) (already foimd above), Ihen the total 
noise power at a room temperature of 5000E is given by 

% = ®o ^ ® (5.22) 


where k the Boltzmann's constant = 1 •5805z10'’^^ joules/oE 
and T the absolute room temperature = 5000K. 


First noise equivalent bandwidth and then the noise power 
have been computed on IKO system IO9O digital computer for 
all the three pulse shapes for values of a from 0.1 to 1, 
The values of the total noise power in dBa are given in 
Table 3. The power penalty for these input pulse shapes is 
plotted in Fig, 3*4 for various values of a , The results 
indicate that an ideal rectangular pulse shape requires 
least power for all values of a . But, this pulse shape 
IS not possible to realize in practice, gnd the e^ ment lal 
pulse seems to be the next best. In all the cases it 
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IS indicated that the pulses should be of narrow ■width. The 
penalt3r for increase m the p ul se width m case of the 
exponential input pulse is nearly linear. In case of the 
G-aussian input pulses the pulses should be extr^ely 
narrow. 


5*5 Effect of Bit Rate : 

To exajaine the effect of bit rate on the power 
req.uireiiient we perform some normalization on the functions 

H C-^) and Sout (w) of Bqn. (3*10) to make them indepoident of 

* 

the time slot width T. 





Simplyfying and incorporating the a'bo'Te normalization 
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Recalling that the eg.'ualised output pulse h^^^(t) has 
hoen normalised to unity at t:=0, we obtain* 


*. 


Using Bqn. (5*5)> we can evaluate the arbitrary constant A 
from Bq.n, (3*3) in the following manner. 

At t = 0 and k - 0, 

<'^0Ut^«) > = 

From Bqn. (3.4), <^'^out^°^ ) “ ^o ^out^°^ 

A erj p(o) * h^g(o) * lior.(o) 


Thereforo, “ 


h3r* b. 




From Bqn. (3.1), p(o) = b^ Rp(o) 


Therefore, ^ 


Now, h^^^ 
Therefore, 


(o) = R^(o) 


A = 


hr 

eri 


* h^g(o) * h^^(o) 


1 


I 


i07 




(3.23) 


where 


CA 


- i!^ 

-.<Ki ^ 

CO 

ll’i 

' P 


rT 


Tt] 


(f) 


df 


Af 


Prom 'tho Eg,i3.« (3.23) we see that for a fixed input and output 
pulse shapes and with fixed E^,E^,0^,S^ snd Sj, the noise 
decreases as the bit rate, 1/T, increases until the term 
involving 1 2 dominates. After that, the noise increases 
with increasing bit rate (due to shunt capacitance C^), 


3.6 Effect of Pibre Length : 


¥e now fix the bit rate to 10 M bits/soc and the 
pulse width to give a half duty cycle, i,e,,a =0,5, and 
consider the effect of varsrm^ the fibre length on output 
noise power. The excess noise power with increasing length 
IS plotted in Pig, 3.5. We notice that the increase in 
noise power is uniform and (juite large in all the cases. 

This can be attributed to two factors, Pirstly, the increase 
in the pulse dispersion with increase in "fee length reduces 
tho channel bandwidth. But, as the desired output pulse 





ncreasing Fibre Length 
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shape is fized as raised-cosine keeping the data rate 
constant all the timey the receiver ggin as "well as the 
bandwidth thus increases* QJhis increases the output noise 
power. Secondly, with increase in length the channel 
attenuation also increases, and so for a fized output the 
receiver gain is required to be increased. This further 
enhances the output noise power. 

» 

In the above analysis the equalization being 
considered is such that the equalized pulses are forced 
to go to aero at all sampling times except one. Such a 
scheme is not possible in a practical equalizer, and we 
will always have some residual intersymbol interference 
at the output. One such practical equalizer has been 
described in the next chapter. 



CSiPTiR 4 

EQUALIZER EOR OPTICAL PIMB SISEBMS 

1 

For moderate 'lia high, signalling rates a»d longer 
repeater spacings, the degradation in the system performance^ 
as manifested by an increase in the average probability of 
error, is due to the presence of the two kinds of noises 
(thermal noise and shot noise) as well afi the intersymbol 
interference (I SI) caused by an over lappirg of al3acent 
transmit bed symbols. The intersymbol interference can be 
reduced by means of equalization at the receiver. For 
optimum design of the front-end of the receiver and to show 
the effects of various pulse shapes on the noise power, 
we assumed (as discussed in Chapter 3) that the receiver 
output was free from intersymbol interference. It is not 
possible to design a practical equalizer to achieve this. 

The ISI has been effectively reduced in coaxigil cable systoas 
with the help of linear and nonlinear equalizers. For 
multimode optical fibre channels also use of linear or 
nonlinear equalizers has been suggested for the reduction 
of ISI [ 25,26 and 27 ] , It is known that nonlinear equalizers 
perform better than linear equalizers to achieve low 
probability of error for dispersive channels [26] , It may 

be possible to achieve a high data rate without equalization 
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by the use of single mode fibres in future. But, to make 
these systems cost effective the repeater spacing, must be 
as lafS© as possible* A large repeater spacing mil give 
rise to a significaht pulse dispersion even mth single 
modp fibres* Thus, |the use of eq.ualization can not be ruled 
out even for such systems [26 ], 

4*1 Introduction to Bauali^ieryg : 

A statistically optimum equalizer structure from 
the decision theoretic point of view has been given by 
Austin [ 28 ] • The optimal equalizer comprises a matched filter* 
a sampler and a tapped delay line (TDl) having an infinite 
number of taps. Moreover, an infinite number of summers 
and exponentiators are necessary. Hence, this equalizer 
structure can not be implemented in practice* He has also 
shown that suboptimum structures, which are practically 
implement able, can be obtained by introducing some additional 
assumptions. Of the two suboptimal structures, one is a 
linear while the other is a nonlinear equalizer implementation. 
The linear equalizer comprises a matched filter follow^ 
by a But, it requires a large ntmber of taps for 

effective reduction of ISI, It also increases the output 
noise power due to its large bandwidth. The no nlin ear 
equalizer is known as a Decision Beedfeack Equalizer (DBS), 


112 


The DPE has a matched filter (US) followed hy a of 
moderate les^h* It makes "use of the previous decisions 
(assumed to he correct) to coherently subtract the 
intersymhol interference caused by the previously detected 
symbols* This is done by passing the past decisions 
through the feedback TDL. The IIE and the forward TDl are 
used to minimize the effects of stfiditive noise axkl fixture 
symbol interference respectively* The tiro equalization 
criteria used mostly are the zero-forcing and the im nimum 
mean sqioare error (MSE) [29 ] . The zero-forcing criterion 
minimizes the output peak distortion, if the peak distortion 
of the unequalised pulse is less than uxiity. The second 
criterion minimizes the mean square error (1^1) between the 
received sequence estimate and the transmitted sequence* 

The DEB has been studied in detail by various authors 
[30,31 and 32 ] , One of these, given by George, Bowen and 
Storey, has been used to design an equalizer having fixed 
tap gains for the fibre channel discussed earlier in 
Sec, 2*4, Since, the fibres are considered to be only 
dispersive a fixed tap gain, and not adaptive, equalizer has 
been considered* 

4,2 Decision Eeedback Bgu ^^Lizer Design: 

The DEE suggested in [ 30] has a filter matched to the 
isolated received pulse followed by a tapped delay line 
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leaving "baps al* dolays of ono Isaud in'berval* flie pasl* 
decisions ^s^^ are passed through a feedback tapped delay- 
line* The feedback tap delay line tap gam values are 
chosen on the ass-unption that these past decisions are 
all correct. The output of the feedback TDi is coherently- 
subtracted from the output of the forward TDL to eliminate 
I SI caused by the previously detected symbols. The forward 
TDIi reduces the ISI caused by the undetected symbols 
(future symbols). The design analysis given assumes that 
the signal from the channel is danodulated, filtered and 
sampled at the symbol baud rate. The equalizer makes the 
estimate "s about the transmitted symbol s at times 

J «f 

t = jT, This estimate is given by 

N M 

n=:o m=1 

■where n=o,1 , , . . ,11; are the forward tap gams, and b^^^j 

m=1,2,.**,M are the feedback filter tap gams. This estimate 

IS then converted into final decisions s^ with a nonlinear 

memoryless circ-int. In the present case of binary digits 

|s^ J , this circuit IS only a clipping circuit with a fixed 

threshold, y is the output of the matci^d filter at 
3+u 


time bssj+nT 
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To find th,o optimum tap gam values TmmTmm MSB 
criterion lias been used. Th.e resulting design e<iuations 
[ 30 ] are 


N 


I 


J k=o , 1 , • « *,rN 

(4.2) 

1=0 

and b » ^ 
m 

^■1 \+i 

, m=1,2,*,,,M 

(4.3) 

1=0 

where N = Number of forward TDii 

taps 


M = Number of fcodhick TDL 

taps 



1 

Yi,k= X 

IssO 

0 (k-i) =s autocorrelation function o:^ the additive 

XJL 

noise n(t) at the delay t = (k-i)T, 

Xjj. IS the kth sample of the overall impulse response 
at the input of the equalizer* In the present case, 
since a matched filter has been used, is the kth 
saffiple of tho autocorrelation function of_the 
channel impulse response at its output* 

The fibre impulse response h(t) is given in Bctn*(2*14)* 
To have a significant dispersion a fibre loagth of 10 Em has 
been chosen to start ^th* Tjrpical values of A=0,i and 
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-5 

D=10 as mentioned earlier have "been chosen so that tie 
response is dependent only on fitoe length. For a length 
of 10 Km the response is taken to he nonzero between 
115 nanosecs and 505 nanosecs with a peak value at 245 
nauosecs. Iho normalised amplitude plot of this is given 
in Fig. 2.5. The discrete response values are obtained 
at every 10 nanosocs. The other assumptions made are: 

(a) The response time of the front-end of the receiver 
(photodetector and amplifier) is very small 
compared to the response time of the rest of the 
receiver, thus, implying that it has a very- 
large bandwidth compared to the channel. Therefore, 
the matched filter is matched to the channel 
impulse response only. 

(h) The additive noise is white Saussian. 

(c) Data rate for the design purposes is considered 
to be 10 M bits/sec. 

(d) The input to the channel is a sequence 
randomly selected equally likely imp-ulses of 
amplitude +1 • 

For 10 M bits/sec rate one ba^d interval, T, is eq-ual to 
100 nanosecs* Hoglecting the initial delay the imp-ulse 
response of the channel spreads over four band intervals* 

If Ii IS the spread in terms of the number of ^^d intervals, 
then IT=!400 nanosocs in this case* 
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The response of the matched filter is h(-4:). Therefore 
the response at the output of the MP is 

x(t) = h(t) * h (-t) (4^5) 

where * indicates convolution operation 

00 

or x(t) = f h(T) h(t+T) dT 

^•io 

As the function h(t) exists from zero to LT. 

I.T 

x(kT) = J hC-c) h (-c + kT) dx (4.6) 

0 

To evaluate it on the digital computer, h(t) has been 
sajmpled into 10 samples per baud interval giving; a total 
of 40 samples* 

40-1 Ok 

Therefore, *= 2- \ \+10k' ® 

isl 

and Xj^ * x^ 

The amplitudes of h^ are normalised such that 

<30 

J h^(t) s 1 (4.8) 

This is because Bqn. (4.8) also gives the energy in the 
signal if the input symbol is an impulse* When evaluating the 
performance of the DPE for different signal-to-noise 
ratios (SHE) it would be convenient to keep the signal 
energy as unity and vaiT only the noise vanano©* So this 
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CO 



^OQ 


Por the chahnel under consideration will have values 
from to and will be symmetrical about the peah 
Value Xq at ksiO as it is the autocorrelation function of 
the channel Impulse response# The values that result are 

Xq « 1 

x^ » x^^ = 0#4375216 

X2 “ 3C^2 “ 0*0529886 
« x^j « 0.0021167499 

{ ^k} is the input to the equalizer and is of the form 
shown in ilg. 4*1. 

The forward- and feedback- TDL sizes are determined 
by the input to the euqalizer. There are three (M) feedback 
taps in our case (Pig. 4.1) as the number of postotarsors 
(past samples) contributing to the ISI is three. The 
number of precursors (future samples) causing ISI is also 
equal to three* The choice of the number of forward taps 
(N+1 ) is not unique. It has been arbitrarily ohoseaas 4. 

As shown later, only the f?.rst tap gain (a^) comes out to be 
significant, and aj , a2 and a^ are found to be n^ligible. 
The equalizer that results is given in Pig* 4*3* 
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Fig. 4,1; Channel Autocorrelation Function 



Fig. 4.2: A Linear Syst^a 



Forward TDL 



Fig. 4.3s Decision Feedback Eq.ualizer Structure 







120 


From the autocorrelation values we can calculate 
Yi, as shown in Eqn* (4.4) 


Yi,k ~ ^ ^l^l4k-i’ and 5 


IsO 


k=o,1 ,2 and 5 


( 4 . 10 ) 


4.2.1 Evaluation of IJoise Autocorrelation Function : 

In general for a linear system (Fig, 4.2) the output 
autocorrelation function is given by [ 33 ] • 

® * §('')» 3:eal g(t) 

where R yy (i^) is tho input autocorrelation function. 

Here tho input is a white noise n(t) with power spectral 

N. / X 

density and the filter impulse response is h(~t). 

Therefore, ) = -^ 6 (t ) 

then the noise autocorrelation function 0^ (x ) at the 

output of the MF is 

N 

0ja('t) == ^[6(x)*h(-x)*h(x) 3 


2 

N ^ 

gs / bL(t) h(t+ X ) dt 


As the response h(t) exists between 0 and IT 

H 
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LT 


( 4 . 11 ) 


or 0j{(k-i)I) = ^ j t+(k-i)I 3 dt 

0 

It oaA "be seen that it is same as except for the 

N 

m\iltiplyimg factor . 

To eval-uate » we know that the noise power at 
the output of the matched filter would he 

jjj 00 

^ ^ j |H(f) I ^ df 

as li(-t) 3>s real and H*(f) = ? IW-t).! 

By Barso'val*s relation *■ 


00 00 I/D 

f |H(f) I ^ df s = I 

-ho ^ ° 

Signal power at the ontpirt of the Batched filter as stated 

earlier is 

1'2 

f h^(t) dt if the input is an impulse 

/ h^(t) dt 


ST CTftL PO¥m = 2 ^ 
Therefore SIJR * foiSE POWER H ^ i' 

f/lH(f) 1' 


dt 


-<x? 


Using Parseval's relation 


SEE 


E 


wnTflU POWER 
Therefore =* POWER 
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But as the signal power considered has been normalised to 
unity I 2 turns out to be the noise variance e^ual 
to the (SNB.)"*^ in each case. 

For example, 

if SNR = 6 dB, noise variance = 0.251 = , 

N 

and if SNR ss 10 dB» noise variance = 0.1 s= 

4.2.2 Evaluation of fan G-ains : 

Once X|^> ^ and 0^(k-i) are known we form a set 

of linear equations using Eqn. (4*2). The number of 
equations will be equal to the number of forward taps, 
lahing advantage of the fact that 

^-k * \ “ ^n^^^ (4.13) 

the set of linear equations (4.14) is obtained (shown on 
page 1 25) * 

These equations have been solved on the digital 
computer and forward tap gam values obtained for various 
SNR'S (6 dB to 24 dB in steps of 2 dB). 

Feedback tap gams are then evaluated using 
Bqn. (4.3). 5)he evaluation of x^, Yx,k' forward 

tap gains and feedback tap gams has been done for 
various SNR values and fibre lengths using one common 
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But as tlie elgnal power considered has "been normalised to 

JLi 

unity* turns out to be the noise variance eq,ual 
-1 

to the (^R) in eaoh case. 


For example, 

if SNR as 6 dB, noise variance = 0.251 = , 


N. 


N 


and if SNR as 10 dB» noise -variance a: 0,1 a: 


4*2,2 Evaluation of lap Gains ; 

Once a!^» ^ known we form a set 

of linear equations using Bq.n, (4.2). The number of 
equations will be equal to the number of forward taps. 
Taking advantage of the fact that 

^-k “ \ (4,15) 

the set of linear equations (4.14) is obtained (shown on 
page 125). 

These equations have been solved on the digital 
computer and forward tap gain values obtained for various 
SNR's (6 dB to 24 dB in steps of 2 dB). 

Poodbaok tap gains are then evaluated using 
Bqn. (4.3). evaliiation of forward 

tap gains and feedback tap gains has been done for 
various SNR values and fibre lengths using one common 
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oomputor prograja* £lie prograja is general enough to compute 
■bap gains for any SUE and fibre length. The tap gain 
valnes computed for 10 Km length and various SUE ■values, 
and for 0 km and 6 km lengths at an SHE of 16 dB are tabulated 
in Table 4*1 . 

4.3 Simulation Eesults : 

To evaluate the performance of DPB it is not easy to 
get closed form expressions for the probability of error 
because i b is a nonlinear system. The system performance is 
therefore commonly obtained through digital computer 
simulation# 

A digital optical fibre communication systoa for the 
step-index fibre channel described earlier, using the 
designed DFB receiver was simulated on the digital computer 
DEO system-1090, In the simulation effects of the 
photodetector and the preamplifier have been neglected as 
they were assumed to be broad band. Details of the simulation 
program, are given in Appendix* 

The average probability of error at a data rate of 
10 M bits/sec for a 10 hm fibre length and for SUE valu^ 
from 6 dB to 20 dB have been plobtad in lig- 4.4. To study 
the effect of reduction in fibre length the simulation was 
repeated for eq.ualizer parameters of 8 kms and 6 kms fibre 
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a't 16 cLB SHE# l*h6se have been shown separalJely 
in Fig. 4«^* 

Tho na't'Une of "bhe curve obtained is suoilar to the 
perfoimance curve for other systems using DFB [30] . We 
notice that for a typical probability of error of 10“^ the 
SUE. req.uir0d at the input for a 10 km length fibre ^staa is 
about 19 dB, whereas I for a 6 km length it is about 16 dB. 
For a 1 6 dB input SNE, the probability of error decreases 
from 1.6x10”*^ to Kaxio"^ as the fibre length is reduced from 
10 km to 8 km* The error further reduces to a value of 
1 .27x10 as the fibre length is made 6 km. 

To compare the system with a nonequalizing one we 
repeated the simulation for 8 km length at 16 dB SKE and for 
Various SUE values at 10 km using only the matched filter in 
the receiver* The probability of error increases to 
1 *07x10"*^ for a 8 km length fibre which shows that the DFB 
reduced the ISI effectively. Table 4.2 shows the total 
symbols processed, the nizaber of symbols received in 
error and the probability of error for different SHE 


values • 



lABIiB 4.2 
PBRPOBMAMCE OP BPB 


SITR/Pibre 

length. 


Total 

Symbols 

Processed 

Numher of 
Received 
Symbols in 
Error 

Average 
Probability 
of Error 

€ dB» 10 kms 

1000 

100 

10“^ 

8 dB, 

n 

1000 

48 

4.8z10“^ 

10 dB, 

(t 

10000 

244 

2.44x10“^ 

12 dB, 

It 

10000 

88 

8.8x10“^ 

14 dB, 

If 

O 

VJl 

173 

1.73x10“^ 

16 dB, 

It 

4x1 0^ 

64 

1.6x1 0”^ 

18 dB, 

It 

3.9x10^ 

29 

7.84x10'^ 

20 dB, 

If 

2.84x10*^ 

4 

1.408x10"'^ 

*22 dB, 

» 

2.262:10’^ 

0 


*24 dB 

II 

1.62x10*^ 

0 


16 dB, 

8 

1 .4x10^ 

25 

1.786x10“^ 

16 dB, 

6 

1.1 xio'^ 

14 

1.27x10"^ 


^Simulation runs stopped at this stage as already 
considerable CFQ time had been used. 



CHiUPTEB 5 

JULSE POfiHlIS KS OMIOAI FIBRE SISIBHS 
5*1 G-eixeral ; 

To achiev© high signalling rat©s and "bo provide 
©cO]ionil.cal wide hand optical transmission network we tried 
to optimiae the receiver design. As future systems with 
low loss fibres are going to have repeater spaoings limited 
by pulse dispersion rather than attenuation, we resorted 
to equaliaation to reduce the problem of inter symbol 
interference* So far we have concentrated our efforts in 
the optimization of the receiver. But, for the improvement 
in performance of the overall system it is desirable to 
consider the transmitter as well. Selection of a suitable 
transmission code goes a long way to achieve a high data 
rat© system by incorporating several desirable features as 
described in See. 5*2* 

5.2 Line Encoding : 

The need for encoding anises because the conventional 
straight binary fomat has the following limitations : 

(a) It cannot provide an error monitoring capability. 

(b) It suffers from occasional timing information 
disappearanoe. 

( c ) It can have a large do cont^t and thus results 
in base line wander. 
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other factors which aecessitate eneodiag ahd influence 
the selection are nonlinearity of the available optical 
Bouroes like laser diodes, tolerance to ISI, bandwidth 
reauirements and optimum transmission power reqnirements. 

Ihe base band frequency spectnm must be relatively 
confined and have a null at zero frequency. This provides 
lower noise and permits AO coupling m the receiver, 

5.3 iMtable_0,o,de_B for Ontioal T'lbre avatems ; 

Many of the features and problems stated above are 
common to digital coaxial or wire-pair cable systaas. In 
thoso conventional systems the line code normally used is 
the Alternate Mark Inversion (MI - originally called "bipolar”) 
code. As the name suggests the polarities of mark are 
inverted alternately. Fig, 5»1(a) illustrates this coding 
plan* The advantage of this alternate mark inversion is that 
it has no d,c, content and ary voilation of this rule is 
indicative of an error. It also contains little low 
frequency spectral components, This code, being a three-level 
one, is however not suitable for optical fibre systaas using 
any source other than a lUD. But, to utilize its advantages 
a coding plan called a two-level AMI has been suggested [34] • 

5.3.1 Two -Level. Ml i 

This coding plan converts the centre level of AMI to 
the two othor levels* Two of the , possible ways are shown 
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(a) 


1 0 



0 1110 0 10 1 



1 0 



0 



Slli* 5*1 • (a) Oonventxonal (three-level) ML 
(h) Iwo -level ML Class I 

(c) Two-lovel AMI Class II or 1B2B 

(d) 2B3B 
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in Pig. 5.1(b) and (o), They can be called as two-level 
m class I and two-level AMI class II respectively. These 
formats have the following features: 

(a) Ihey req.uire double the transmission bandwidth 
req.\jired by 311 or strai^t binaiy. 

(b) Por the same data rate and PIH diode as the 
detector in the syst©n excess optical transmission 
power is required to achieve the same error rate 
as for tho straight binary plan. 

(oj The rednndanoies incorporated in these codes 
facilitate error detection. 

(d) Clock recovery is easier, and possible with simple 

timing extractor as abundant timing frequency 
components exist. i 

(e) Decision threshold level is insensitive to 
input level variation, therefore no automatic gain 
control reqtiired in receiver, 

(f) Ubilisation of optical power is uniform and not 
pulse pattern dependent, 

(g) Code converters are very simple. 

All these features help realize a small» stable, 
reliable and economical repeater and makes AMI format quite 
attractive except for its increased bandwidth and power 
requirements [ 34 ] * power penalty for the two-level AMI 

compared to the straight binary increases for lower fibre 
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« 

todwidths where equalization is essential for achieving 
high data rates. So we look for other pulse formats which 
have better performance than the two-level AMI. 

5.3#2 Blook Codes ; 

The coding scheme implies that a block of m binary 
digits is converted into a block of n binary digits with 
the holp of some conversion rules and under some constraints 
to achieve a good coded pulse sequence satisfying the 
requirements stated above. Such codes are called mBnB 
pulse formats* 

The two^level MU. explained above oan itself: be. termed 
as a. 1B2B code with the conversion rule as shown below. 


Straight 

Binary 

Mode 1 

Mode 2 


1 

1 1 » 

-I •! 

alternately 

0 

1 "1 f 

-1 1 

depending on the last 
bit of the previous 
coded set (for class II) 


The coding scheme could be made simpler by adopting the 
rule 

1 — 1 “1 
0 **1 1 


The difference between the two berng that the former 
is converted from AMI and thus retains the pattern of AMI» 
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wboraas tho lattor la a dtroot oomrersion from strai^t 
binary and oan ba oonsldered as a true iB 2B code. It xs 
quits obvious that the 1B2B will have a code 

converter than two-level iMI. 


Xn general niBnB fomats of higher orders are quite 

suitable for optical transmission. Bandwidth savings can 

be attained by reducing the conversion ratio n/m, Por 

examplo 2B5B foimat shown in Pig, 5.1(d) requires less 

bandwidth than the two -level iMI as it includes less 

redundancy# However the converter complexity increases 

exponent ionally as redundancy is reduced [34] . But as we 

anticipate greater repeater spacing we can afford some 

complexity in them, their number being less in a long haal 

system. So one has to strike a balance and select the 

code accordingly to fulfil the requirements and over come 

the disadvantages of the straight binary plan. Conventional 

2B3B plans try to suppress the dc component in a pulse 

sequence and as such cannot solve the problems of error 

monitoring since the redundancy is used up in suppressing 

the do component. Ihis can be overcome by using a 2B3B 

* 

do oonstrained code suggested by Takasaki et.al* [34 ] • 


It should be noted that »dc oompon^t in 

transmission systems is to be ontiSl 

the level located half way between the brightest optica 

level and the darkness level# 
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Tho 2B3B dc oonetrained format conversion is ae per the 
rule given in fablo 5*1* 

Table 5*1 


oHpssi — ms'oojo 

oodo lode 1 mode 2 


0 

0 

Mto ww 


0 

1 

«M W* 


1 

0 

MU 


1 

1 

+ + - , - - 

alternately 


This conversion rule req.uires fairly simple code 
convertors and rooonvortors# The strai^t binary symbol '0‘ 
is convert od to ’-■» level and symbol '1* is converted to *+• 
level, then the third symbol is added such that there are 
a total of two levels except in the case when the original 
code has the symbol pair '1,1 In this the modes as shown 
are used alternatively giving on an average one + level 
and two levels. 

This plan produces a do ooopon«t in tta pulse 
saquonoo but it does not suffer from base line wnder as 
th.0 do ISTol is oonstrainod to a constant level. Tbe do 
oomponant does not depend on tba pulse pat er 
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In gonoral bBoB oodoa haire Been used m the oonventional 
transBiSBlon syeten.. Iho conversion of m bits to n bits has 
boon done kosplng In viov the need to rednce the do component. 
Such suitable low disparity binary codes have been suggested 


by Griffiths [ 35 ] * Disparity d in general for an n digit 
eharaotor code has been defined by Oattermole [36 ]ae 


XL 


d a 2 5 


whoro r iB tho radix of tho code and a digit can take a 
vaiuB Of 1 f 2| a •^r'^l } and is the value of the ith digit, 

For a binary code tho disparity is then 

d « 2 a^ - n 

id 


which amounts to saying that the disparity of a binary 
oharactor is the oxcoss of marks over spaces; thus characters 
000110 and 100111 have disparity -2 and +2, respectively, 

Iho disparity for a code would be tho maximum range of 
disparity. A code with low disparity is also sxiitable frtaa 
timing information point of view; because the tming 
infomation is defined as the average number of symbol 
ohenges per block. 

Akin to disparity is the digit sum if rather than 0,1 
wo consider levels as expressed earlier and 
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weight thorn as -1 and -f-i, reap actively, for all dc 
supproBsed aBnB codes. The frequency spectrum of the 
oodo roffialzis unohanged and the disparity m "the firat 
case is equal to tho digital sum in the second. The 
running digital sum (BBS) indicates tho magm.tu.de of do 
vender in a pulso train, it is defined as the sum of the 
pulse az&plitudes in a pulse train after every binary 
digit sinoo the transmission commenced. For the 2B5B 
do constrained format mentioned earlier the '+' and 
levels in the pulse train would be weighted asV* 4/3*and 
'"’■2/3, Binco the do component is constrained to -l/3 level 
as shown in Fig. 3«2« 




do constrained 
level 


Fig. 5.2 2B3B do Constrained Fomat Amplitude Levels 

Tho choice of tho oodod blooks (words) should keep the BBS 
as low as possible. If m is odd and n=ffl+1 the number of 
zero digit sum words of length n is((^+^/ 2 ) nimber of 
words having positive digit sum is 2*^ 
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nmbor of words having nogative digit sm is ®iso \jz 

It words of opposite digit em ere paired it forms 
alternative foms for transmissions Thus the total words 
available for low digit sum, infact zero digit sum,on an 
average in the long run in the present casej will be 

Thus code words spare of which some may 

bo undosirablo from tho point of view of transmission, fable 
5*2 shows the number of words having particular digit sum 
for various nam^fl word lengths 


fable 3.2 


m+1 

Vdz^s Having 4igii siii of 

0 4-2 44 +0 48 4-1 0 

2 

2 1 

4 

6 4 1 

6 

20 15 6 1 

8 

70 56 28 8 1 

f 

to 

252 210 120 45 10 1 


fhore will be equal number of words having negative sum as 
having positive sum. It may fee n-oted that if n is even we 
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vlU have Gvon digit a* a „4 if „ ^ 

no zoro digit bubis 

In goneraX n bite of an mBiB code need not be 
ewl to m+1 . Bpoeiflo mBiB codes will be discussed and 
oomparod for their BUS and other characteristics m 
Bootion 5t4« 

5.3.3 CoTrolativo Puleo Formp;b^ ! 

•i’hoflo formate entail the application of the know 
doubinnry detection bo reduce the bandwidth reqtarraneats 
of two lovol Mil* Takaeaki et,al[ 54] have shown that 
doubinary dotoction of a two-level iJti: pulse train results 
in tho original AI4I pulse train* In Pig* 5.3 we see that 
by dolayinL the pulse train b by half a time slot and adding 
b with tho dolayid version 0| we obtain an AHI pulse train* 
I'hlB is an application of tho correlative signal processing 
tochniquog 

This process has allowed us to transmit the two level 
AllI puleo train through the same bandwidth as IMI or strai^t 
binary. Thus tho technique is suitable for optical fibre 
communication, since it transmits two level pulse train which 
is immuno to nonlinoanlty of laser diode and recovers a 
threo level pulse train overcoming the bandwidth disadvantage 
of tho former and is oonvenlent for error detection, do 
suppression eto. 
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'Eakasa^i ot.al. [34] have also suggested a modification 
bo oonvontional correlative level coding plan for use in 
optical fibre systems. They call the modified plan as 
Ilodified duoblnary class II shown in Hg* 5,4, The plan 
trajasmits a preceded format b. The precoding has been 
achieved by modulo two addition with the one tuae—slot 
delayed version of the input strai^t binary pulse se(3,uence« 
Tho received pulse train is decoded by delaying and 
subtracting, and we get an mi (three-level) format d. The 
setup is shown in Pig. 5 •4* This requires less hardware 
than the two-level AMI with duobinary detection. But the 
two-levol AIII has the advantage of uniform optical power 
utilization. 

5*3*4 Rooontly Takasahi and Tanaka [37] have suggested 
tho use of adaptive digital transmission to attain drastic 
economy in fibre optic communications with the present 
state of” the art fibres (multimode fibres). To realize 
adaptive digital transmission they have investigated 
combining special line coding plans and phase locked loops 
with extra- broad pull -in range. 

The special plans investigated are* Transition 
contrainod code (TOO), Hun length constrained code (RICO) 
and Virttial transition constrained code (VTGC). TOC is 
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Modulo laser Photodiode 



Pig. 5*4! Modified Duo binary Class II 

® Original straight bin^y format 


^ WJ. — 

[b) Preceded binary 
'o) 


Preceded format (b) delayed by one 

time slot n ^ + 

(d) Detected three-level format. 


■od 
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realized by oonTerting of straight binary into a 

bransition at the leading edges of time slots and '0*a at 
the centre* The fact that> pulse frequency can also be 
known if infoitnation on the maximum run length is available^ 
has been used in ELCO. TCC may not always have the 
ability to suppress spectral components at the end of 
transnission band* BlOO can overcome this but requires 
precision tracking of peak amplitudes. TOOG overcomes the 
problem in RICO by detecting virtual transitions. This 
is explained in Pig* 5 * 5 * The original straight binary pulse 
train (a) is converted into two -level iMI (b) integrating 
(b) during “on" periods yields (c). Dots on waveform (c) 
are virtual transitions (TT). Adding "VTs to leading 
edge transitions (circles on (c)) yields information on 
pulse frequcaaoy i*e., (d)+(e) = (f). tTOC seems to be most 
promising to attain stable adaptive timing required for 
adaptive digital transmission, 

5*4 Comnarlson of Suitable Oodes : 

We first compare various optical pulse formats for 
their running digital sum (EDS). EDS can be found only once 
the conversion rule is stated* Conversion rTiles for AJIIf 
two-level mi, 2B5B and correlative formats have already 
been given# Por the higher order m^B formats with n as 
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(.) -t_j 


n 


H — h 


- H 4 I 




<« iJiJT.njUTimrLrLrL 



(d) 


r * 

\ r 

* 9 


(e) 


♦ 

1 


♦ » 

I * 




» * * 

t 1 » 

^ » 
.1, ,,^„X 


(f) 




Original StrEiigirb Binary Pulse train 
Iwo -level Mil Pulse train 
Integrating (b) during "on" periods 
Virtual transitions 
loading edge transitions 

Information on pulse freq.uency ((f)-(d)+(e;) 


iPigt 5* 5 s Virtual Transition Constrained Code (VTCG) 
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even and n t= m+1 the conversion rule is fairly straight 
forward keeping in view the requirsaent of zero digit 
sum and low EDS, A block of m digits is taken and examined, 
if it contains one ’+* level or one level less overall 
in the block a '+' level or a level is added respectively 
to make them o(iual and thus get 0 digit sum block* Such 
blocks would be number as explained earlier* 

I'or tho rest ^ave 2^ available. 

Out of these we reaoct blocks with all *-’s or all '+'s. Of 
tho remaining we select suitable complementary pairs and use 
as a pair in two modes alternately for rest of the blocks 
uo bo coded in a predetermined manner* Encoding rule for 
3B4B is shown below. 



*0 0 1 } X Z Z 1 

0 1 0 
10 0 


1 0 1 
0 1 1 

0 0 0 
1 1 1 


J 


X Z Z -1 


-1 1-1-1 or 1-1 1 1 
-1-1 1-1 or 1 1-1 1 



M. implios transmit tiiig the original digits as it is 
oxcopt that for 0 we have level and for 1 ’+’ level* 

I'he oonvorsion conforms to the rule stated above. 

Rousseau [ 58 ] has suggested that we reject blocks which 
havo first n/2 digits identical like (-H-. and 
(“*"••**»++••*+) as, though they have zero digit sum, their 
uso in the pulse tram will increase EDS. I'his he qualifies 
by stating that thoir succession to each other and seme 
other coded blocks gives the longest sequence of similai* 
digits. If thoBo are replaced by a suitable pair each of 
oomplemontjaa^y blocks from the rest of the unused ones the 
longest sequence of simila;r digits can be reduced by one 
thus reducing RDS« In the above example of 3B4B code the 
blocks marked * after coding become -1-111 and l 1 -1-1, 
respoctivoly, and thus fall m this category. On investigat: 
it IS found that tho bwo complemoniary pairs that are left 
, -1-1-1 1 , 1 1 1 -1 and 1 -1 -1 -1, -1111 which are 
still worse for they will further increase the sequence 
length of similar digits in the pulse tram, ¥e therefore, 
have not considered this suggestion in the conversion 
rules , However in codes where m+1 e,g,, 5B6B this could, 
bo adhered to as a wido choice of blocks is available and 
one should use blocks which keep the EDS minimum. Encoding 


rule for 5B6B is given below. 



Original code 



110 0 0 
10 10 0 
10 0 10 
1 0 0 0 1 
0 110 0 
0 10 10 
0 10 0 1 
0 0 110 
0 0 10 1 
0 0 0 1 1 


0 0 111 
0 10 11 
0 110 1 
0 1110 
10 0 11 
10 10 1 
10 110 
110 0 1 
110 10 
1110 0 


0 0 0 0 0 
0 0 0 0 1 
0 0 0 1 0 
0 0 10 0 
0 10 0 0 
1 0 0 0 0 
0 1111 
10 111 
110 11 
1110 1 
11110 
11111 





X X X X -1 


- 11-1111 
1 - 1-1 1 1 1 
-1 11-111 
1-1 1-1 1 1 
1 1 - 1-1 1 1 
-1 111-11 
1-1 1 1-1 1 
1 1-1 1-1 1 
1 1 1 - 1-1 1 
1-1 1 1 1-1 
1 1-1 1 1-1 
1 1 1-1 1-1 


1-1 

1 

- 1 - 

-1 -1 

-1 

1 

1 

- 1 - 

- 1 - 

-1 

1-1 -1 

1 - 

- 1-1 

-1 

1-1 

1 - 

- 1 - 

-1 

- 1-1 

1 

1 - 1 - 

-1 

1 - 

- 1-1 

-1 

1-1 

-1 

1 - 

-1 

*1 

1-1 

- 1 - 

-1 

1 

-1 

1 - 

-1 

- 1 - 1 - 

"1 

1 

1-1 

-1 

V 

-1 

-!■ 

-1 

1 

-1 

-1 

1 

-1 ‘ 

-1 

1 

-1 

- 1 ' 

-1 

1 ' 

-1 

1 


alternately 

It 

ft 

n 

It 
It 
ft 
It 
H 
ft 

n 
n 
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I 


RDS for "tliese pulse formats has been found ahd 
tabulated in labl© 5*5* The increase in bandwidth requiremoit 
for 5B4B code Is 4/3 times the requirement for strai^t binary 
i«o*» 33?^ increase* Por 5B6B format the increase is 20^. 

The longest run of similar digits in the case of 3B4B is 
4 and in the case of 5B6B is 6. The smaller this value the 
better itisfi)r clooh recovery. Another factor which is 
worth noting is that in both 3B4B and 5B6B we t^e only 
words of zero digit sum and ±2 digit sum. This makes the 
hardware much simpler. Of co\irse between the two as 
stated earlier as we go for hi^er order mBnB codes the 
complexity of tho coder and decoder increases sharply. 
mBnB codes with n as odd have the disadvantage that they 
do not havo any zero digit sum words and therefore are not 


popular* 

To find the excess power required for a particular 
code we use the formula for the optical power required given 
by Porsoniok [11] when PIU photodiode is used as ti^ 


detector* 


^required ” ' T 


1/2 


.Haro H to loon 

Ban. (3.23). relatei -to 2 ^ 

[11] as 

K = C^) 2 
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Q ~ niMlDor of noiso standard deviations betifeen 
sfsnaX and tbresbold at receiver out put* 

Qa6 for an error rate of 10*"^, 

5? = interval between bits = 1/bit rate 

For a fixed receiver and same probability of error, H 

depends only on bit rate and thus tbe P P . ^ 

required required 

has bean calculated for the receiver parameters considered 
by Porsonick [11] for various pulse foimats, fhe power 
penalty with reference to straight binary for 10 M bits/sec 
rato and half duty cycle rectangular pulses is tabulated 
in Table 5*5* The power penalty vanes with bit rate at lower 
ratos. At higher bit rates (above about 40 M bits/sec) due 
to the dominance of tho term with 1/T in N, the I’required 
O', (4*5 dB/octave increase in bit rate). The effect 

of bit rate on excess power required for various pulse 
foimats is plotted in lig. 5.6. 

Prom the above discussion and the characteristics 
montionod in Table 5.5 the most suitable choice for 
high rate optical fibre oommunioation systems seems to be 
between 5B4B and 5B6B formats. 




chapter 6 


CONCLUSION 

Id. "bliis study we Have tried to give aD overall 
picture, with emphasis od certain aspects, of the optical 
fibre digital communication systons. Initially, we 
reviewed the physical and communication aspects of an 
optical fibre* The characteristics and parameters of an 
optical fibro communication system which would be of 
interest to a communication engineer were then reviewed. 

For the impulse response of the step-index optical fibre 
channel# Oartledge'B formula [15,18] has been used becawee 
it is Valid for a Lambertian source, whose light intensity 
distribution matches fairly closely to that of anLSD.With 

I 

increase in length the response tends to become symmetrical# 
but, its spread also increases. Inspite of the fact that 
optical fibres have largo bandwidths, to mate such 
communication systems cost effective, there is need to 
increase tho repeater spacings as far as possible for high 
data rate systems. This results in intersymbol interference 
due to the spreading of the transmitted symbols in optical 
fibres. This can be effectively reduced by use of time 
domain equalization. 
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Ih© receivor for the optical fibr© channel is req,iiired 
to have a low noise front-end amplifier, The front-end of the 
suhoptimiM receiver using a PII photodetector has been 
derived based on Personick’s model Cll] . it indicates that 
a hi^h. input impedenoie amplifigc should follow the 
pilot odetootor# Effects of input pulse shape, bit rate and 
fibre length on the optical power re<j.uirement have also been 
studied. It has been shown that the rectangular input pulse 
with a narrow width require the least transmitted optical 
power, 

A design of the decision feed back equalizer has 
been given for the step-index optical fibre that has been 
considered in Chapter 2, In this design it is noticed that 
values of the forward tap gains except for are negligibly 
small and^ so these taps can be raaoved, thus leaving only- 
on© forward tap* looking at the response oust after the 
matched filter we see there a^e three precursors (future 
interfering samples) that cause interference. So -fche 
requirement of only one forward tap is not clear* fhe DEB 
designed was simulated on DEO system-1090 digital computer 
to study its perfonaance, Ihe original aim of achieving an 
averags error probability of 10"*^ could not be attained as it 
entailed generating and processing 10 symbols in one 
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sifflulal'Xon ruti* Moreover, a H'uin'ber of such runs wore needed 
"to determine the average error* Since this would have 

i 

required a very laxge computing time, we settled for 
achieving a higher error probability of 10“^ only at 
vaJC'ious values of SNR. Even for this, variation of fibre 
length ahd data rate for several values of SNR could not 
be tried as already quite a bit of computer time had been 
used, i'or fibre lengths of 8 Kms and 6 Etas the probability 
of error was determined only for one value of SNR (16 dB) so 
that some idea of the effect of the reduction in length 
can be had. From Table 4.2 it can be seen that for a 20 dB 
SNR and 10 Em length 28.4 million input ssnabols were processed 
and 4 errors wore obtained. So proper averaging of the 
probability of error at this SNR could not be obtained. For 
hi^er SNR values of 22 dB and 24 dB simulation could not be 
completed to achieve lower probability of error as already 
considerable computer time had been used to achieve a 
probability of error of about 10 . 

At lower SNR values where there were large number of 
errors some errors occured in bursts as expected for a DFB* 
This happens because erroneous output when fed back to 
the aiaming point oE feoataok IDl m-ll not oanooll the 131 due 
to paet oymbol completely producing another error occasionally 
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and thus resulting in an error burst. But, this effect 
wae not observod for high SHE cases, because only a few 
oriors occur under such situations making the possibility 
of an error burst remote. 

On the transmitter side various line codes stiitable 
for optical fibre communication systaus have been 
investigated. Amongst the block codes, codes in '^uch m bits 
are converted to n!=(m+1) bits with m as an odd integer 
are most suitable. They have simpler conversion rule, lower 
EDO and relatively lower bandwidth requirements as compared 
to codes with m as an even integer and n >(m+1). Out of 
those, 3B4B and 5B6B seem to be better suitable as their 
bandwidth requirements aro on^r a little more than that of 
straight binary. Moreover, the encoders and decoders for 
those codes would be less complex as compared to still 
higher order mBnB codes. 

Optical fibres have vast potential for military 
communications and other military applications besides 
their oommeyoial applications. Their light weight, small 
size, freedom fi’om radio frequency and electromagnetic 
interference is a big advantage for military uses from the 
point of view of easo of handling and BOM over and above the 

high capacity. 
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Many experiments and field trials of optical fibre 
communication links are under way in several coxmtries of 
Europe » USA and Japan* a trial system called. The Chicago 
lightwav'e Communications Project installed at Chicago, USA, 
basod on chc ^^tlanta Pibro Systems Experiment conducted in 
January, 1976 [39] , has been carrying a wide range of services 
on a trial basis since liay 11,1977* Phis is only an example 
of tho efforts being put in this field* 

The field of optical fibre communications being vast, 
attractive and at its infant stage the scope of wozk is 
unlimited, Somo of the aspects of the present study which could 
bo investigated further arc use of other equalization techniques 
and thoir comparativo study, use of graded-index fibre, using 
liSH in place of PIU detoctor, etc. Dogliotti and Luvison have 
suggested tackling equalization as a sequence estimation 
problem, Iho optimum estimator structure suggested is 
derived as a Kalpah filter, imongst the nonlinear equalizers 
the maximum likolyhood x'eoeiver using Yiterbi -algorithm 
detector could bo triodT G. Tamburelli of OSELf seems to 
have done considerable work on nonlinear equalization* Por 
optical fibre systems ho has suggested a nonlinear equalizer 
with a shaping filter [40] called as "digital receiver with 
distributed and integrated decision feedback and feed forward’ - 
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It woxild bo interesting to investigate this structure 

further* 

G-raded-indez fibres are now being mostly used for 
practical systems under trial. They also permit higher 
data rates. It would be of interest to investigate 
0q[UalizGr designs at such higher frequencies and the 
associated hardware problems. 

It is also suggested that study and analysis could be 
done using the APB as the photodetector in place of the PIH 
detector as the former has avalanche gain. But, use of 
APD would bring in the problem of shot noise which must also 
be considered in the design of the optimum receiver. 
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APPBKDIX 


COMPUTER SIMUMIOR OP DECISION PEED BACK BQUAilZlR 

Th© flow chart shown in Pig. a* 1 gives the steps 
tahen in the computer simulation of the DPB. The 
purpose of this si m ulation was to study its perfozmance 
in t©a?ms of the prohaMlity of error for various SSRfe 
and fibre lengths. As for higher SNR^s large computation 
time was required and it was not possible to get this time 
in one stretch, the simulation for a SUE had to be divided 
into many runs. Por this purpose, the simulation computer 
program was divided into three mam parts. One part is 
effective when it is the initial run for a c^am ®BL/fibre 
length. The second part is effective when itis a subsequent 
run and the third part is common to both. 

The program for computation of the tap gains is 
seperate( from the simulation program) to avoid revaluation 
of and channel impulse response samples every time for 
different SNR’s and the same fibre length, as they are 
independent of SNR. Therefore, i® the simulation program 
pulse spread D, number of forward taps NP, number of feedli^ck 
taps MB, channel response samples and autocorrelation 
function samples are read in as data once for a particular 
fibre length and all Ms. The TOlne of the M, the forward 
and the feedhaoh t^ gains are read in for each M. 
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Tho data input to the channel is a pseudo -randoaa 
hinary sequence with symbol seperation time 1 noimalized 
to unity* The sequence is obtained by generating uniformly 
distributed real random numbers using the subprograsi 
then converting them to +1 for numbers greater than equal 
to 0*5 and to “1 otherwise. The signal output at the output 
of the matched filter is obtained by convolving the 
signal Samples with channel autocorrelation function samples 
The zero maim white gaussian noise samples n^^ with 
2 

Variance cr are generated by using the Box Muller method, 

n^j; ss o[-2.1n (R^) ] cos ( 2 x^ 2 ) 

where and Rg are unoorrelated umfoimly distributed random 
numbers in the range 0 and 1* Ror achieving uncorrelat<^ 
noise samples one band interval has been divided into ten 
(M) sub samples. The greater the number of subsamples of 
noise the better the uncoirelation. But a tradeooff between 
the computer time and uncorrelation achieveable exists* 

The received signal at the equalizer input is obtained - 
by adding the noise and the signal samples obtained above. 

Tho number of signal samples generated initially 

in tho initial run are one less than required to start the 
simulation run* Out of the generated signal samples the 
first MB samples are placed in the feedback tapped delay line 
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in a correct sequence so that it is assumed that as the 
simulal'ion starts there is no ca?ror in the heginniE^ 
correct estimates are available at the feedback fDL. fMs 
is to overcome the problem of time that a system will take 
to stablize aod initial errors will have to be neglected 
in computing the probability of error* After the requisite 
nuobor of received signal samples at the input of the 
oqualizor are calculated and stored in the respective arrays ^ 
we gonerate a signal sample and a noise sample, add them, and 
start the processing in the DFB* The output of the forward 
TDL is obtained and from it the output of the feedback 
TDL, which is obtained from the already placed symbols, is 
subt ranted# If this output is greater than or equal to 0 we 
say a +1 is received, otherwise a -1 • This estimated symbol 
is then compared with the appropriate input symbol. The 
first such symbol would actually be the )th symbol as 

this would bo the first symbol having effects of both past 
and future symbols interference as the first MB symbols 
generated had been placed in the feedback TDIi. Srror, if 
any, increases the error count by one. All registers are 
then shifted by one symbol and we go back to the same step 
whero we had generated one signal symbol. After a known 
number of symbols have been processed depending upon the 
time available for the run, the output of all registers is 
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si; 0 rod* Tihis forms ■bh.o mxisiadxza'tioii dai;a for i;lie subseQ.tiszii; 
run* After ©very rua, xnxtxal or subse<iuent, the probability 
of error xs calculatod, lor a subsequent run after the 
xnltialiaatlon values have been read xn the processing starts 
from the stage where one signal sample was generated in 
the initial run* 





Read Values of last 
Run 

S(I),I«1 ,(21-2) 
SE(I),I*1, MB 

,M(L-1) 
R(I), I=:1,(OT-1) 
riEBK, lEROR, 
IRAN(SBBB), 


Read Initial 
Data - D,M,KF, 
MB,SNR,X(I), 
RESP(i5,A(I),B(D 
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Input 
Bit +1 


Eig. A.1 J Chart 


Convolve 
with Z{I) 


Add Sig 
and loise 
Samples 


IIER=0 

ERORpsO 


(contd,) 

















oonbd. . 


Generate M Gaiissian 
Nos, Twithi variance # 

mil) 


Convolve with 
2 ( 1 ) 

lOne Sig sanplq 


Convolve ■with 
RESP(I) 

( One noise sample) 


Add Sig & Noise 
Sample::R(NP) 


Process SB(l)tiirougl: 
Peed back TDL 

RB=: (SS(I).B(I)) 


RB=IIP-RB 


Process R(I)tliroi 
Pojward 3)]JL 

(E(I).A(I)) 


Output Bit — < 


Output hit 

-1 
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Shift arrays 
S( I) =8(1+1} 
E(I)=R(I+1) 
S1(I)=SB(I+1) 


Write data 
reqLuired for 
next Run 
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\ *? / 
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I SE(MB)=OutputBit 
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